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INTRODUCTION 


Bernard M. Wagner 
Depariment of Pathology, School of Medicine, University of Washington, Seattle, Wash. 


Following the elaboration of the concept “‘collagen diseases,’’ an enormous 
investigative effort probing this idea has developed. Almost all branches of 
the biological sciences are currently involved in research related to collagen or 
connective tissue. From the physical chemist to the clinician, from the elec- 
tron microscope to the whirlpool bath, the vast diversity of talents concerned 
with the common denominator, connective tissue, is apparent in the scientific 
literature. As the research expands and builds in complexity, it is vital that 
all lines of communication remain open and functional. 

One of the purposes of this monograph is to bring together contributions 
from outstanding representatives in the field of connective tissue research. 
The contributors cover all phases, from a consideration of fiber formation and 
wound healing to reviewing immunological phenomena in connective tissue 
disease. This is an area under intensive investigation, and many aspects are 
in dispute. The use of new tools is briefly presented, and there is a review of 
host factors. This monograph contains stimulating material deliberately 
planned to evoke spirited discussion and to stimulate renewed effort in the 
field. 
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UANTITATIVE STUDIES ON THE PRODUCTION OF ACID 
: MUCOPOLYSACCHARIDES BY REPLICATE CELL 
CULTURES OF RAT FIBROBLASTS* 


Charles Clark Morris 


Department of Microbiology, Columbia U: niversity College of Physicians 
and Surgeons, New York, N.Y. 


Introduction 


The acid mucopolysaccharide (AMPS) composition of the various connec- 
tive tissues seems to be indicative of their specific differentiated states. Evi- 
dence that the distribution pattern of some seven or more different connective 
tissue AMPS (Meyer, 1957) is characteristic for each of many different con- 
nective tissues becomes increasingly impressive as work in this field continues 
(Meyer ef al., 1956; Hoffman et al., 1957; Meyer et a/., 1958); in several tissues 
studied in detail this pattern changes materially with maturation or aging 
(Loewi, 1953; Loewi and Meyer, 1958; Hallén, 1958; Kaplan and Meyer, 1959). 
Furthermore, in connective tissue proliferation (Noble and Boucek, 1958; 
Slack, 1957; Jackson, 1957; Udupa et al., 1956) and in many clinical and ex- 
perimental states of hormonal and vitamin imbalance, connective tissue or- 
ganization and AMPS content and composition frequently change together 
in a striking fashion (Dorfman and Mathews, 1956; Schiller and Dorfman, 
1958; Asboe-Hansen, 1958, 1959). 

The question of the sites and mode of formation of the intercellular sub- 
stances of the connective tissue has been under discussion for the last century. 
Recent work with tissue culture systems has provided important new insights. 
Production of acid mucopolysaccharides by connective tissue cells im vitro was 
first demonstrated for cultures of synovial cells by Vaubel (1933), who sought 
to establish the source of synovial “mucin” (at that time the hyaluronic acid 
of synovial fluid had not been isolated or characterized; Meyer, 1957), and 
Vaubel’s studies established the fact that the “synovioblasts” of the synovial 
membrane were responsible for its production. However, he reported that 
other types of connective tissue fibroblasts did not produce “mucinous” mate- 
rial. Further tissue culture studies, in particular those of Grossfeld e al., 
1955 and Grossfeld e¢ al., 1957 have offered strong evidence that tissue fibro- 
blasts produce AMPS characteristic of the ground substance. The first of 
these studies showed that, in addition to cells from human synovium, fibro- 
blasts of diverse species and from tissues of differing ages produced, in vitro in 
a biological medium, hyaluronidase-sensitive mucinous material over long 
periods of culture. The second study presented analytic data on the compo- 
sition of some of these mucins, which proved to be predominantly hyaluronic 
acid together with some chondroitin sulfate. Other tissue culture studies 

* Submitted i i ; P 
ophy in the Faculty of Pure Science, Calumbis Usisenty Neon yee los 


The investigation reported in this paper was su i 
f f ay pported in part by Research Grant A-817 
from the National Institute of Arthritis and Metabolic ines Pabhe Health Service, 
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amen : a a grant from the Central Bureau of Research, American Otological So- 
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confirming the production of AMPS by human synovial cells have been those 
of Kling e¢ al. (1955), Castor (1957), Hedberg and Moritz (1958), and the tis- 
sue slice studies of Yielding ef al. (1957). Production of AMPS by minced 
trypsinized tissues of chick embryo in a synthetic medium has also been re- 
ported (Berenson ef al., 1958). 

A cell culture system, differing from conventional tissue culture in proceed- 
ing from a uniform cell suspension instead of from tissue fragments, would 
make possible investigations of quantitative cellular aspects of AMPS produc- 
tion unattainable with other methods. Cell suspensions of fibroblasts may be 
prepared by routine methods (Paul, 1959); with suitable modifications of 
technique, suspensions with enhanced cellular viability and other evidence of 
unimpaired function may be prepared (Harris, 1955a, 6; 1959) and used to 
set up replicate cultures (Evans e¢ al., 1951; Paul, 1959), by the use of which 
growth and growth rates may be estimated from the desoxyribonucleic acid 
(DNA) content of representative cultures at intervals after setting them up 
(Healy et al., 1954). In the present study, suspensions of osteogenic fibro- 
blasts were prepared from cultures of newborn rat bone (calvaria) and from 
long-term cultures of similar material; replicate cultures were prepared from 
them and analyzed for growth as indicated and, in addition, for their total 
AMPS production and content in the cell-bound form. 

Human synovial cells producing hyaluronic acid in culture continue to 
produce variable amounts of this substance when trypsinized and dispersed 
as subcultures (Castor, 1959). However, the capacity for AMPS production 
evidently may be decreased or lost during prolonged culture (Kling et al., 1955; 
Castor, 1957, 1959; Hedberg and Moritz, 1958). Changes in the kinds and 
proportions of AMPS have been found where several different types are being 
produced (Grossfeld, e¢ al., 1957). Because of these findings, it seemed of 
interest to study the amounts, kinds, and proportions of AMPS produced by 
dissociated cells of a complex tissue such as bone, where all influence of their 
normal organized tissue milieu has been eliminated and they are permitted 
practically unlimited growth. Similar interest attaches to possible changes 
in the amounts and kinds of AMPS produced by cells as a result of prolonged 
in vitro growth; to this end, AMPS production by a three-year-old strain of 
fibroblasts was compared with that of similar cells recently isolated from the 
animal. 

The idea that growth and differentiation are in some way reciprocal cellular 
functions often has been stated or implied (see Grobstein, 1959, pp. 484-486, 
for summary). ‘To some degree, then, growth rate may reflect the state of 
differentiation of a cell; some overtly differentiated cells divide rarely or not 
at all. On the other hand, the rapid growth of cells in tissue culture appar- 
ently brings about a loss of, and reflects, differentiated properties, which may 
be prevented or reversed if growth is controlled (Willmer, 1958, p. 94 et seq.). 

In so far as production and secretion of AMPS can be taken to represent a 
specialized function of a connective tissue cell, a system in which rate of AMPS 
production can be determined while growth rate is varied offers special ad- 
vantages for study of this relation of growth to differentiated function. In 
addition to yielding quantitative information in an area of controversy, where 
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qualitative interpretations often have been advanced, such a system would 
permit detailed study of how the reproductive and synthetic activities of the 
connective tissue cell are related. 

To evaluate aspects of fibroblast function as affected by changes in the cell 
culture environment, the following information was sought: (1) the amount 
and rate of AMPS production per cell under standard conditions, (2) the rela- 
tionship between rate of AMPS production and rate of cell growth, (3) the 
kinds of AMPS produced by the cells under standard conditions, and (4) any 
differences in AMPS between cells recently isolated from rat tissues and cells 
of similar origin maintained in tissue culture for three years. Five variables 
were investigated for their effects upon growth and AMPS production: 

(1) Diverse media promoting different rates of growth were compared for 
their effects upon AMPS production. 

(2) “‘Crowded” cultures, where cell population approached a maximum and 
net growth ceased, were compared with uncrowded, rapidly growing cultures 
in amount of AMPS produced per cell. 

(3) The pH of the medium was varied, since controlled increase in pH of 
the medium may inhibit multiplication of cultured cells for long periods while 
permitting a reduced rate of glucose utilization (Graff and McCarty, 1958). 

(4) The effects of different concentrations of glucose and of glutamine were 
investigated because glucose and glutamine are reported to be specific inter- 
mediates for AMPS production in some systems, and it was desired to see 
whether production of AMPS per cell could be altered by varying their con- 
centrations. 

Resting streptococci utilize glucose and glutamine to produce hyaluronic 
acid (Lowther and Rogers, 1956), glucose is incorporated into AMPS hexosa- 
mine and glucuronic acid components without scission (Becker and Day, 1953; 
Roseman e¢ al., 1953, 1954; Schiller e¢ al., 1956; Roden, 1956a), and glutamine 
is reported to stimulate S*°-sulfate fixation in the AMPS of calf costal cartilage 
slices (Bostrom ef al., 1955; Roden, 19566) and to stimulate labeling of AMPS 
with C'-labeled glucose in calf cartilage and pig nucleus pulposus (Roden, 
1956a, c). 

The present investigation consists of 8 experiments reported in detail, to- 
gether with additional or confirmatory data from a total of 58 experiments 
with groups of cultures prepared from rat osteogenic fibroblast suspensions. 
Additional information on the nature of the AMPS produced by the cells was 
obtained by preparing AMPS extracts from pools of used media and analyzing 
the material thus obtained by various chemical and enzymatic means. 


Materials and Methods 
TISSUE CULTURE TECHNIQUES 


Preparation of the Cell Suspensions 


Fragments of periosteum-free calvaria of 1- to 3-day-old rats were explanted 
in thin plasma films in conventional Carrel flask cultures (Paul, 1959). For 
some experiments cultured tissue scraped from stock cultures (RB 1207/56) 
previously established from similar material, was subcultured in like manner. 


—— 
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After 10 to 14 days a suspension of the outgrowing cells was obtained from 
groups of Carrel flasks by a method of trypsinization modified from that of 
Harris (1955a). Cultures were washed and supplied fresh medium about 48 
hours before the suspension was to be prepared. About 24 hours later the 
medium was again changed, and this 24-hour supernate (used medium) was 
saved for use in the final suspension; the fresh medium contained 20 yg./ml. 
of trypsin (Armour 2X-crystallized, salt-free); an equal amount of trypsin was 
added to the flasks a few hours before the flask contents were harvested. 

To obtain the cells in suspension, flasks were rinsed with Earle’s saline, and 
a warm solution of Armour’s trypsin (75 wg./ml. in Earle’s saline, pH 7.8) was 
added. About 10 to 12 min. of incubation at 37° C. sufficed to free explants 
and outgrowth from the flask floor. The suspension, broken up by rapid 
flushing in a pipette, was collected in sterile tubes kept in a jacket at 37° C. 
together with saline washes. Filled collecting tubes were left standing for 
5, min. to settle, then all but the bottom 0.5 ml. of fluid was withdrawn and 
transferred to a small flask to which about 10 per cent of placental cord serum 
(PS) was added; the pH was brought to 7.1 to 7.3 by agitation of the flask con- 
tents in a stream of 7 per cent CO: in air. Settled-out residues were pooled, 
resuspended in fresh trypsin solution, and returned to the warm jacket for an 
additional 6 to 8 min. of digestion, and the resulting suspension was pooled 
with the first. 

The final pool of suspended cells was subjected to repeated brief low-speed 
centrifugations (to a maximum of about 220 g), until examination of the super- 
nate showed no appreciable number of intact cells. The thrown-down cells 
were then scraped from the sides of the centrifuge tubes with a sterile rubber 
policeman and resuspended in a medium consisting of “24-hour conditioned 
medium” (taken from the flasks and saved when the medium containing pre- 
treatment trypsin was added) and Eagle’s HeLa medium (Paul, 1959) in the 
proportions 1:2; pH was adjusted in a stream of CO: in air as required, and 
clumps of cells were strained out by passing the suspension through a stack of 
stainless steel gauze circles of increasing fineness up to 165 mesh. The total 
number of cells in the strained fluid was determined by counting a few drops in 
a hemocytometer and measuring the volume of fluid. 

A final nutrient medium was prepared by adding fresh feeding medium and 
other components, as required, to the cell suspension; for most studies, the 
approximate final composition was: 5 per cent PS, 8 per cent beef amniotic 
fluid (BAF), 61 per cent Eagle’s medium, 6 per cent Earle’s saline, 20 per cent 
whole egg ultrafiltrate (WEUF) (Evans e¢ al/., 1957), and glutamine at con- 
centrations of from 0 to 225 ug./ml. In some studies a medium of the approxi- 
mate composition of feeding medium (FM) No. 5 (TABLE 2) was used. Vol- 
ume of the medium was adjusted to give from 30,000 to 150,000 cells per 
aliquot. 

This suspension was then dispensed into previously gassed flasks (T-15 and, 
occasionally also, T-60 flasks) in measured aliquots; the suspension was con- 
stantly and gently stirred until dispensed to the flasks. Flasks were trans- 
ferred to an incubator set at 37° C. and left undisturbed for at least 24 hours. 

Most of the cells were well attached to the glass floors of the flasks after 11 
to 12 hours; they flattened out quickly from the spherical form they had as- 
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sumed in suspension, and proceeded to elongate and to migrate; within 24 
hours a number of cells were in mitosis. Originally the culture flasks were 
washed and refed within 24 hours; in more recent experiments flasks have been 
left for as long as 108 hours before feeding, during which time the original cell 
population increased at least fourfold. 

Replication (uniformity of initial cell numbers among flasks of a set) im- 
proved during these studies as the techniques were developed and modified. 
In the last check on replication carried out, 5 aliquots of the suspension pre- 
pared for experiment 54 showed a coefficient of variation in their DNA con- 
tent of 5.3 per cent. : 


Feeding and Harvesting Flasks Prepared from Cell Suspensions 


Routine feeding. After withdrawal of used medium the flasks were washed 
once or twice with warm Earle’s saline containing (usually) 2 to 5 per cent of 
placental serum; warm, freshly prepared medium (usually 1.50 ml.) was added; 
each flask was gassed with a warm CO.-air mixture containing 5 per cent COs, 
and was returned immediately to a feeding table incubator at 37°C. The 
supernates (used medium) taken from 2 or more flasks were pooled and stored 
in the deep-freeze for later analysis, together with aliquots of the feeding me- 
dium. 

Harvesting. When the cells and supernates were to be taken together for 
analysis, the pooled supernates and 2 saline washes for each group of flasks 
were centrifuged to sediment any residue of loosened cells or cell debris; the 
residue was washed with saline and saved, to be pooled with the harvested cell 
contents of that group of flasks. In some instances, as in the DD method (see 
under CHEMICAL TECHNIQUES) of AMPS extraction, the entire flask contents, 
supernates plus cells, were scraped and washed from the flasks and analyzed 
together. 

The washed cell sheets remaining in the flasks were harvested in most cases 
by use of a buffered trypsin solution (usually 0.1 to 0.25 per cent of Difco 1/250 
trypsin in Tris buffer, 1 ml./flask) added to each washed flask; after a few 
minutes at room temperature, when the cells could be dislodged from the flask 
floor by a gentle shaking, the suspensions and 3 washes of cold saline were 
collected and pooled in an ice bath, and stored in the deep-freeze until analyzed. 

To see to what extent the amount of AMPS remaining bound to the cells 
was dependent upon 2 different procedures used for pretreating and rinsing the 
cultures before cell harvest, the following experimental procedure was employed 
in several instances. Groups of flasks to be harvested were arbitrarily divided 
into 2 sets. After supernates were removed, flasks of 1 set were briefly washed 
with warm saline before the cells were harvested; flasks of the other set were 
chilled in the refrigerator for 12 to 24 hours before the supernates were removed, 
and then the flasks were extensively washed with cold saline before the cells 
were harvested. Upon analysis for AMPS in the 2 sets, there was no signifi- 
cant difference between them in amount of cell-bound AMPS. The second 
saline rinse contained no detectable AMPS; the first rinse invariably contained 


approximately 5 per cent of the amount of AMPS found in the corresponding 
supernate. 
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Sources and Preparation of Tissue Culture Medium Components 


Earle’s balanced salt solution (Paul, 1959) was prepared, using Pyrex glass- 
redistilled water, and was sterilized by filtration through a Selas No. 03 filter. 
Concentrated stock solutions of other components, that is, glutamine, cysteine, 
and trypsin, were prepared with Earle’s saline and sterilized by filtration 
through either a Selas or a Millipore filter. Such solutions were diluted further 
with Earle’s saline or feeding media, or both, to required concentrations for use. 
Components were stored in the deep-freeze wherever possible. 

Eagle’s medium components were obtained as sterile concentrates.* These 
were added separately, as required, to sterile Earle’s medium when the medium 
was prepared for each feeding. Glutamineft (cfp) was prepared as a concen- 
trated stock solution and stored frozen. Whole egg ultrafiltrate was used.* 

Beef amniotic fluid was drawn sterile from fresh intact placentas collected 
from local slaughterhouses. It was chilled and allowed to settle, or was centri- 
fuged, and then was stored frozen. 

Placental serum was prepared from blood of fresh umbilical cords collected 
in the delivery rooms of Presbyterian Hospital, New York, N. Y.; sterilized 
by filtration through Selas Nos. 01 and 03 porosity filters successively; and 
stored frozen. For dialyzed serum, the serum was dialyzed twice against 10 
vol. of Earle’s saline each time for a total of 60 to 72 hours at 3 to 4° C., then 
refiltered and stored frozen. 

Chicken plasma was prepared from the blood of healthy young roosters with- 
out the use of coagulants; the blood was obtained either by heart puncture or 
by carotid artery cannulation. It was stored in paraffin-coated tubes in the 
refrigerator or the freezer. Chick embryo extract was prepared by extracting 
a coarse sterile brei of 9-day-old chick embryos with an equal volume of sterile 
Earle’s saline for 2 hours at 2 to 3° C. and centrifuging. The clear supernatant 
fluid was stored frozen. 

Penicillin and streptomycin were used routinely at concentrations of approxi- 
mately 250 to 300 U. and 75 to 100 ug./ml., respectively. 


CHEMICAL TECHNIQUES 


Methods of Extracting Acid Mucopolysaccharides 
of Supernates and Cells 


DD method: hyaluronidase digestion, collection, and concentration of dialysates. 
This method, suggested by Alfred Linker as a modification of the methods of 
Weissmann ef al. (1954), was used to obtain the products of enzymatic digestion 
of purified AMPS. Samples of 2 to 7 ml. were placed in dialysis bags fitted 
at one end with short stoppered tubes, and were dialyzed exhaustively against 
isotonic NaCl and acetate buffer (pH 5, V/10) until the collected concentrated 
dialysate gave no color in the Dische carbazole test for uronic acid. _ Testicular 
hyaluronidase,t 250 to 300 TRU/ml., was added to the samples in the bags 
and digestion was carried out according to Weissmann ¢¢ al., except that each 


* Obtained from Microbiological Associates, Inc., Bethesda, Md. ; 
t Obtained from California Corporation for Biochemical Research, Los Angeles, Calif. 


t Supplied by Wyeth Laboratories, Philadelphia, Pa. 
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sample was dialyzed separately and simultaneously against several changes of 
their buffer until no additional carbazole color appeared in the dialysate. Col- 
lected dialysates were pooled and concentrated and assayed for uronic acid 
and, occasionally, hexosamine content. Concentration was effected in a rotary 
vacuum evaporator, after passing the pooled fluid through a Dowex-50 (hydro- 
gen form) column to convert the buffer salts to volatile acids. Recovery of 
80 yg./ml. of a hyaluronic acid-chondroitin sulfate (1:1) mixture, added to 
FM No. 5, was better than 90 per cent complete by this method. 

While this method gave good yields and recoveries in the range of approxi- 
mately 15 to 50 wg. of AMPS-uronic acid (AMPS-UA), it was considered of too 
low a sensitivity because low values were erratic; this was evidently due to the 
occasional presence of undesirable impurities. 


TABLE 1 
Mepia USED 


AMPS-UA content 


Designation Components (%) ng. /mal. 
“Growth” media q 
No. 5 (Biological) 20 PS, 50 BAF, 30 EBSS (+ cysteine) | 2.43 
A-3 (Stock) 15 PS, 30 Eagles,* 30 BAF, 25 EBSS | 2.14 + 0.31(14) 
E-5 (Low serum) 5 PS, 75 Eagles,* 20 WEUF 0.50 + 0.13(14) 
Maintenance (slow growth) 
ses 2 PS, 98 Eagles* 
E-2 5 agles 
DS 2/- 2 Dialysed PS, 0-98 Eagles* \o. 14 + 0.05 (26) 
Set-up medium 
Approximately E-5, contains 
also A-3 medium “‘condi- 
tioned” by previous 
growth of cells 


* Percent of standard Eagle HeLa formulation. 
Abbreviations used: PS, (human) placental serum; BAF, beef amniotic fluid; EBSS, 
Earle’s balanced salt solution; WEUF, whole egg ultrafiltrate; AMPS-UA, acid mucopoly- 


saccharide uronic acid (determined by method of Bollet, Seraydarian and Simpson, 1957, 
as modified in text). 


In 7 preliminary experiments involving cultures on biological growth medium 
(No. 5), supernate analyses were carried out by this method, together with 
DNA determinations, a total of 18 times. Specific production (see under 
Results) was calculated by dividing the found AMPS-derived uronic acid by 
the found DNA; mean specific production for these 18 determinations was 2.75 
+ 0.18 (S.M.), with a range of 1.6 to 4.0 (micrograms AMPS-UA per micro- 
gram DNA). This mean value agreed well with values found using the 
PPP method (see below), as in experiment 50. 

PPP method: perchloric acid-protamine precipitation of AMPS. The method 
of Bollet et al. (1957) for isolation of AMPS from serum was modified for these 
studies to permit the estimation of very small amounts of AMPS in tissue cul- 
ture media, supernates, and cells. Bollet has since published a method for 
extraction of AMPS from tissues (Bollet, 1958) that is very similar. The 
method used here differs from Bollet’s, chiefly in the milder and longer condi- 
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tions of alkaline hydrolysis and in its application to smaller amounts of material. 
Samples either of medium or of harvested cells in suspension were made N/2 
to NaOH and left at room temperature under nitrogen. After 16 to 24 hours, 
samples were neutralized and 60 to 70 per cent perchloric acid was added slowly 
and with constant stirring to a final concentration of 5 per cent. Subsequent 
procedures were similar to those of Bollet. As previously reported by Bollet, 
the protamine present did not interfere with uronic acid determinations. Re- 
coveries by this method were 85 per cent for approximately 25 ug. of a hyalu- 
ronic acid-chondroitin sulfate mixture, added to 2.5 ml. of supernate taken 
from cultures producing AMPS. Good reproducibility of single values will 
be evident from the standard errors given, where 3 or more determinations were 
made for a single analytic sample or equivalent samples in the experiments. 
Values for AMPS-UA present in the various culture media (TABLE 1) and their 
standard errors were calculated from the sum of replicate analyses carried out 
on aliquots of media from each experiment; variations for summed data were 
invariably higher than repeated analyses of the same sample, reflecting dif- 
ferences in AMPS content of different batches of serum and amniotic fluid used 
(Morris, unpublished data) as well as other possible systematic errors. Except 
where otherwise noted, extraction of AMPS was carried out by this method in 
the experiments to be described. 

In some instances the AMPS-protamine complex in buffer was treated with 
1/20 vol. of a 10 per cent sodium tungstate solution. The resultant white 
flocculent precipitate was centrifuged down after samples were left at 4° C. for 
from 2 hours to overnight; the supernate from the centrifugation was dialyzed 
against running tap water and distilled water for 48 hours. Then it was either 
(1) evaporated onto stainless steel planchets for counting of radioactivity (in 
experiment 58); the material then was redissolved in distilled water and shaken 
briefly with a few grains of Dowex-50 (hydrogen form), and its uronic acid 
content was determined, or (2) made V/2 to acetic acid and 5 per cent to 
sodium acetate and decanted into 3 vol. of 95 per cent ethanol. The precipi- 
tate that formed upon standing in the cold was centrifuged down, rinsed with 
95 per cent, and absolute ethanol, and ether, and dried in a vacuum desiccator 
over phosphorus pentoxide. This material was used for chemical studies. 


Methods of Estimating Acid Mucopolysaccharides 
and Their Components 


Estimation of hexosamine. The method of Boas (1953) was used for occa- 
sional determination. 

Estimation of uronic acid. The carbazole method of Dische (1947), as 
carried out by Bollet et al. (1957), was used with a slight change in the procedure 
for measuring the optical densities: samples were read in a Coleman Junior 
spectrophotometer (530 my) within 20 sec. of mixing with carbazole reagent in 
colorimeter tubes, and read again after 2 to 2!4 hours; glucuronolactone stand- 
ards and blanks were similarly read. Uronic acid content of samples was 
proportional to the difference in the 2 readings of optical density; a further 
small correction was applied for changes in the optical density reading of the 
blanks in the same interval. 
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A slight correction to the cell-bound AMPS-UA values was made for an 
unknown chromophore present in the crude trypsin solutions used to strip the 
cells from the glass at harvesting. The chromophore was found both in Difco 
1/250 and Nutritional Biochemicals 1 /300  trypsins. Determinations of 
AMPS-UA content were made on aliquots of the trypsin solution actually used. 
The substance usually was present at a concentration of about 0.5 wg. of UA 
equivalents per milliliter of 0.25 per cent solution. 


Estimation of DNA 


The original diphenylamine method of Dische at first was used with the 2- 
wave-length reading procedure of Zamenhof (1957) and his microadaptation, 
employing microcuvettes.* Later, the reagent modifications of Burton (1956) 
were used; this resulted in at least a sevenfold increase in sensitivity and a 
greatly increased stability of the colored complex. Purified DNA obeyed 
Beer’s law in the range of 1 to 10 wg. under these conditions, and as little as 
0.2 ug. of DNA could be measured accurately. Extinction measurements on 
2.15-ug. aliquots of the same standard solution of DNA (hydrolyzed in 5 
per cent perchloric acid and stored in the refrigerator) were reproducible to 
within 6 per cent (coefficient of variation, 5.8 per cent) in 43 separate determina- 
tions over a 10-month period. In practice, residues, after extraction of cell- 
bound AMPS by the PPP method, were obtained by the Burton procedure 
using 5 per cent perchloric acid solutions; a final extraction volume of 0.2 ml. 
was obtained. Duplicate 0.1-ml. aliquots of this extract were used for the 
DNA determinations. 


Cytological and Histochemical Techniques 


In the course of several experiments small rectangular cover slips (10 by 
22 mm., cut from No. 1 Gold Seal cover slips) were cleaned and sterilized and 
affixed to the floors of T-15 flasks with a very small drop of a clotting mixture 
(chicken plasma plus embryo extract). When aliquots of a cell suspension 
were introduced into flasks containing such cover slips, “‘samples” of the flask 
population were available in those cells that attached themselves to the cover 
slips; these cells differed in no discernible way from cells in other areas of the 
same flasks. The cover slips were removed during maintenance or at har- 
vesting of the flasks; upon removal, they were rinsed in warm saline and fixed 
and stained in various ways, or they were placed in wax-rimmed mounts in 
suitable culture medium and observed immediately by phase contrast, in the 
living state. 

Fixation was in absolute methanol; in alcohol-formalin-acetic 18:11 (plus 
calcium) ; in formaldehyde vapor followed by 10 per cent formalin in Earle’s 
saline and 1 per cent osmium tetroxide; or by freeze-substitution, according to 
the methods of Deitch and Godman (1955). 

Staining was carried out with the periodic acid-Schiff (paS) reagent (Pearse 
1953), toluidine blue for metachromasia (Kramer and Windrum, 1955) Hale’s 
colloidal iron (Pearse, 1953), or azure B (Flax and Himes, 1952). 


* Pyrocell Mfg. Co., New York, N. Y. 
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Staining with paS was controlled by various extraction techniques, includ- 
ing lipid extractions and digestion with testicular hyaluronidase (150 to 200 
TRU/ml.), saliva, and 0.5 per cent alpha-amylase. 


PROCEDURAL METHODS FOR SPECIFIC EXPERIMENTS 


Refer to TABLE 1 for medium formulations. Suspension culture flasks were 
T-15 flasks unless otherwise specified. 

Experiment 50. Primary cultures: bone fragments grown 12 days on FM 
No. 5. Cell suspension cultures: 27 flasks with approximately 100,000 cells 
in each were prepared. Subsequent handling was as indicated in FIGURE 1 
and TABLE 2. 

Expertment 55. Primary cultures: bone fragments grown 15 days on me- 
dium A-3. Cell suspension cultures: 30 flasks containing approximately 
45,000 cells each (0.24 ug. of DNA) were prepared. Maintenance medium used 
in feeding flasks of group B contained 2 per cent of dialyzed placental serum 
and the following Eagle’s medium concentrations: for period III, 2 per cent; 
for periods IV and V, 10 per cent. Cover slips in 2 flasks of each group of 6 
flasks were removed, washed, and fixed when flasks of that group were har- 
vested. See FIGURE 2 for additional details. 

Experiment 54. Primary cultures: subcultured from stock for 10 days on 
medium A-3. Cell suspension cultures: 36 flasks containing approximately 
67,000 cells each were prepared; in addition, 6 double aliquots of cell suspension 
were delivered to centrifuge tubes for DNA determinations. The first changes 
of medium were at 83 hours for group B flasks and at 119 hours for group A 
flasks. Maintenance medium used in flasks of group B contained (in addition 
to 2 per cent of dialyzed placental serum) 2 per cent of Eagle’s medium in 
periods II and III, and 25 per cent of Eagle’s medium in periods IV to VI. 
Cover slips were present and were harvested as for experiment 55. Additional 
details are indicated in F1GURE 3 and the text tables. 

Experiment 51. Primary cultures: subcultured from stock on medium A-3 
containing glutamine at approximately 90 ug./ml. Cell suspension cultures: 
36 flasks containing approximately 150,000 cells each, plus 4 T-60 flasks con- 
taining approximately 600,000 cells each were prepared. The suspension me- 
dium contained glutamine at approximately 150 ywg./ml. After 96 hours of 
incubation, flasks received the experimental maintenance media indicated in 
FIGURE 4 and TABLE 5; 4 flasks were harvested at this time to establish initial 
values. 

Experimental 52. Primary cultures: bone fragments cultured 14 days on 
medium A-3 containing glutamine at 90 yg./ml. per ml. Cell suspension cul- 
tures: 26 flasks containing approximately 40,000 cells each were prepared. 
After approximately 108 hours of incubation, the flasks were rinsed and were 
supplied maintenance medium containing 0, 2, or 10 per cent of Eagle’s medium 
components (without glutamine); half the flasks of each group received gluta- 
mine at 10 ug./ml., as in experiment 51. Results after 2 additional incubation 
periods of 47 and 79 hours on this medium are indicated below. 

Experiment 44. Primary cultures: subcultured from stock for 11 days on 
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medium A-3 containing glutamine at 310 to 325 pg./ml. Cell suspension 
cultures: 27 flasks containing approximately 100,000 cells each were prepared; 
the setup medium contained glutamine at approximately 310 pg./ml. _The 
flasks were rinsed and refed 48 hours after setting up; E-5 medium containing 
glutamine at 225 yg./ml. was supplied. The flasks were incubated for 96 
hours; the experimental medium then was supplied as indicated in TABLE 6. 

Experiment 47. Primary cultures: subcultured from stock for 12 days on 
A-3 medium without added glutamine. Cell suspension cultures: 25 flasks 
with about 95,000 cells each and 4 T-60 flasks with about 380,000 cells each 
were prepared. The setup medium contained no added glutamine. The 
flasks were rinsed and were supplied E-5 medium without glutamine 48 hours 
after setting up. After 96 hours of additional incubation, the flasks were 
handled as in experiment 44 and as indicated in TABLE 7. 

Experiment 58. Primary cultures: subcultured from stock on A-3 medium 
containing glutamine at 90 wg./ml. Cell suspension cultures: flasks were 
prepared with about 110,000 cells each. Approximately 70 hours after setting 
up, the flasks were rinsed and supplied E-5 medium containing glutamine at 
150 uwg./ml. They were incubated an additional 96 hours; at 72 hours, supple- 
mental glucose, glutamine, and Eagle’s amino acids were added in concentrated 
form at almost original concentrations. At 96 hours, 29 of the flasks were 
placed in an ice bath, rinsed twice with ice-cold Earle’s saline containing 5 
per cent of dialyzed placental serum and approximately 27 uc./ml. of added 
sodium-S*-sulfate. More of the same medium was supplied, and the flasks 
were left in the ice bath. After approximately 4 hours the flasks were rinsed 
twice with chilled unlabeled medium and supplied warm medium of similar 
composition containing radiosulfate and glutamine at concentrations ‘of 0, 30, 
or 150 ug./ml. Flasks were returned to the incubator for either 7 or 50 hours, 
when they were harvested. AMPS was extracted by a modification of the 
PPP method described under Materials and Methods. The repurified extracts, 
after drying on tared stainless steel planchets, had negligible weight (less than 
0.2 mg.). The dried samples were counted on a Baird Atomic Geiger-Muller 
counter with a Mylar window at assumed infinite thinness. Counts were 
recorded sufficient to reduce counting errors to less than 1 per cent; each sample 
was counted at least twice. Counting rates were corrected for background. 
The samples were then redissolved from the planchets and their uronic acid 
content was determined. 

Specific activity of the radiosulfate medium was calculated from the activity 
of the medium (2.775 X 10° cpm/ml.) and the inorganic sulfate content 
contributed by Earle’s saline (103.2 wg./ml.); a correction factor (1.1450) was 
applied for decay of activity between times of analysis of samples and those of 
medium. The specific activity of the sulfate was estimated to be 30,800 
cpm/yg. of sulfate. 

Assumed “chondroitin sulfate uronic acid” was calculated by multiplying 
the ayes radioactivity of the samples (in counts per minute) by the factor 
6.6 X 10~*; this factor was obtained by dividing the gravimetric conversion 


factor 2.035 (M.W. uronic acid/M.W. sulfate) by the specific activity (see 
TABLE 8). 
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Results 
REALTIONSHIP BETWEEN GROWTH AND AMPS Propuction 


Rates of Growth and of Production of 
AMPS During a Feeding Period 


It was found in preliminary experiments that the rate of production of 
soluble AMPS was not constant in the period following a change of medium. 
After an initial rapid rate, AMPS production tended to level off after 24 to 
36 hours of incubation. Flask DNA content increased most rapidly in the 
period from 24 to 48 hours; this was also the period when bursts of mitoses 
could be observed in the cultures. After 72 hours, production of both addi- 
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SETUP FIRST FEEOING SECOND FEEDING 


Ficure 1. Growth and production of soluble AMPS by recently isolated rat fibroblasts 
in cell culture. See TABLE 2 for details. 


tional DNA and AMPS appeared to be slight but, if the period between feedings 
was extended an additional 24 hours to a total of 96 hours of incubation, a 
‘slight additional increment of AMPS usually appeared in the supernatant. 
In order to elaborate upon the preliminary findings, 4 experiments were carried 
out to investigate in detail the sequence of activities in the cultures following a 
change of medium (FM No. 5). Ficure 1 and TaBie 2 summarize the results 
of one of them (experiment 50). The cells were actively growing throughout 
this experiment. In the 50-hour setup period (period I), average flask DNA 
approximately doubled, increasing from an initial estimated 0.6 wg. to 1.13 yg.; 
during the subsequent 79-hour period (II), average DNA content more than 
doubled again; and in 50 hours of period III, there was a further DNA increase 
of approximately 32 per cent over the value at 12 hours. Visual observations 
of flask populations represented by high DNA values, such as the 3.00 ug. of 
period III, revealed that the cells were arranged almost entirely as a dense 
sheetlike monolayer; where the DNA content of the flasks was low, there was 
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a high incidence of free solitary cells and of cells with only part of their surfaces 
in contact with others in loose aggregates. Other experiments demonstrated 
that additional DNA sysnthesis after 72 hours was slight or absent when the 
cell population was moderately high. When the cell population was low, as 
when cultures were first set up, at least 2 cycles of DNA synthesis could occur 
in an extended interval between changes of medium. 

At 20 hours after the first change of medium (period IT), the cultures had 
produced about 47 per cent of the total AMPS they would produce in the entire 
79-hour interval, while their average DNA content increased approximately 


TABLE 2 


Rates or GRowTH AND OF AMPS PropucTION BY CULTURES OF FRESH RAT CELLS IN THE 
INTERVAL BETWEEN SUCCESSIVE CHANGES OF MEDIUM 


(Experiment 50—Medium ¥# 5) 


Specific 
Net _supernate AMPS-UA 
. . H fi AMPS- DNA Cell-bound * Ra 
Reading pence last feeding ata ug./flask AMPS_UA Parnes rekon an 
c DNA) 
I 50 3.98 pigs Ks} — — 
20 3.07 ae = 
mi Dae 1.81 0.7 1.83 .092 
79 Pe”? 2.62 0.4 3.10 .023 
(+0.63) 2.50 0.55 
12 1.61 2.26 0.8 0.79 .066 
2.00 2.30 0.8 
Til 34 5.37 $212 0.6 2.07 .062 
5.42 2.90 0.65 
50 6.72 2.93 0.65 2.46 .029 
6.92 3.05 0°55 


Additional data for the experiment of r1GuURE 1. Each value represents an analytical 


determination on the contents of 2 led i 
c pooled T-15 culture flasks, except that th 
standard error is the mean of 6 such determinations. ; 3 See ee 


60 per cent. A rate constant was calculated by dividing the increment of 
AMPS-UA produced in any interval by the mean DNA present in the interval 
and the interval length in hours. The initial rate of AMPS production in 
period TI was 0.092 ug. AMPS-UA per mean microgram of DNA per hour. In 
the remaining 59 hours of period II, slightly more additional AMPS was pro- 
duced than in the first 20 hours; DNA content increased an additional 41 per 
cent from the value at 20 hours. The rate constant for this interval was 0.023 
In period II, 26 per cent of the AMPS-UA to be produced over a 50-hour 
interval had appeared after 12 hours, with a rate constant of 0.066. In the 
second interval of 22 hours, the rate constant of AMPS production did not 
change materially, while average DNA content of the flasks increased 32 per 
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cent;* a further 53 per cent of the total AMPS-UA was produced in this inter- 
val. The third (16-hour) interval was characterized by a decreased rate of 
AMPS production (rate constant, 0.029) and no further increase in DNA con- 
tent of the flasks. 

A summary of the growth and AMPS production of periods II and III: in 
the 79 hours of period II, DNA increased 126 per cent, AMPS production in- 
creased at least 1.45 times over its estimated value in period I, and 3.1 yg. of 
AMPS-UA was produced per microgram of mean DNA over the entire period; 
this ratio was termed the specific production per period. Specific production 
over the 50 hours of period ITI was 2.5 wg./ug. mean DNA, and DNA increase 
was 32 per cent. It is of interest that, in the 2 periods, initial rate of AMPS 
production was proportional to amount of growth occurring. 

A small amount of “cell-bound” AMPS, which remained with the cells after 
washing, appeared to increase in the first intervals after each feeding, and to 
decrease slightly thereafter, as the concentration of AMPS in the supernate 
increased. The trend of the results of three other experiments analyzed by 
another DD method was similar. 

Results of this and other time-study experiments indicated that soluble 
AMPS appeared in the medium in detectable amounts within 4 hours after a 
change in medium; that rate of AMPS production continued undiminished 
during intervals of DNA synthesis; and that production of AMPS fell off and 
synthesis of DNA stopped later in a feeding period. A change of medium ap- 
peared to trigger this cycle; the cycle was repeated after each additional change 
of medium, with some differences as the cells became crowded. 


AMPS Production as Affected by Growth-Sustaining 
Properties of the Medium 


Growth rate and AMPS production were compared in different media: after 
one or two periods of growth upon a standard medium, flasks of a series were 
divided into groups, some receiving other media. Subsequent changes in DNA 
content and AMPS production of flasks in the different groups were followed 
and compared. Results of an experiment with “fresh” rat cells are given in 
FIGURE 2 (experiment 55). 

In little more than 7 days after 1 period each on setup medium and growth 
(E-5) medium, flask DNA content increased a minimum of 7.3 times. Produc- 
tion of AMPS in the supernate increased in this period from 1.50 wg. of AMPS- 
UA in period I to 2.4 wg. in period II. The flasks were divided into 2 groups 
and transferred to different media at the end of period IT. 

At the end of period III, 96 hours after random grouping, flasks that received 
growth medium (A-3) had further increased their DNA content 3.1 times, and 
their production of supernate AMPS had increased 2.9 times over values found 
for the previous 96-hour interval. Specific production of AMPS was 1.83 ug. 

* The calculated increase of DNA in period III is based on the 12-hour value for DNA 
rather than on the value at the end of period II; the latter value is considered too high be- 
cause of dead or dying detached cells containing traces of DNA, which were routinely re- 


covered from supernates and washes by centrifugation and combined with the harvested 
cells for subsequent analysis (see Materials and Methods). 
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Ficure 2. Growth and production of soluble AMPS over successive feeding periods by 
cell cultures of rat fibroblasts recently isolated. Cultures were grouped at random and 
transferred to either growth or maintenance medium at the end of period II. Differences 
in growth and total and specific production of AMPS (see text) 96 hours later are obvious. 
Slight growth and production of AMPS occurred on maintenance medium during two addi- 


tional periods. Except where shown, standard errors for replicate AMPS determinations 
were small and were omitted for clarity. 


Results of an experiment with stock rat cells, in which growth and mainte- 
nance media were compared, are summarized in FIGURE 3 (experiment 54). In 
flasks of group B, transferred to maintenance medium 83 hours after setting up 
and carried on maintenance medium for 5 successive periods, there was probably 
no growth from the end of the setup period (I) through period III, when the 
first flasks were analyzed. AMPS production per flask remained essentially 
constant over these first 3 periods. Flasks harvested at 29 hours of period III 
gave a value of 0.9 for the specific production and a value of 0.030 for the rate 
constant of AMPS production. There may have been a small amount of addi- 
tional production during the remainder of period III, so that specific production 
at 74 hours (based on DNA values at 29 hours) was approximately 1.0. 
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During 3 subsequent incubation intervals on maintenance medium of some- 
what increased Eagle’s medium content, production of AMPS per flask in 
group B increased progressively and ultimately reached approximately twice 
the value for period III. Over this additional 9-day interval, average flask 
DNA content also increased to slightly more than twice its previous value; 
specific production in the final period (VI) therefore remained at approximately 
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Ficure 3. Similar to the experiment of riGURE 2, except that a 3-year-old strain of rat 
fibroblasts was used. Flasks were separated at random into series A and B at 83 hours after 
setting up. Slow growth and constant AMPS production occurred in group B. In group 
A, specific production increased, then decreased as growth stopped. 


the same levels as for period III at the conclusion of 19 days of maintenance 
with very slow growth. 

Flasks of group A incubated 119 hours before a first change of medium dem- 
onstrated increased DNA content amounting to at least 3.6 times initial 
DNA; a considerable part of this increase must have occurred after 83 hours. 
Specific production in this prolonged setup period (I) was 1.17. In period 
II these flasks received growth medium (E-5), and DNA content per flask 
further increased an average of 2.6 times its prior value, while AMPS produc- 
tion per flask increased 4.3 times. Specific production increased to 1.76. 
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Flasks maintained an additional 65-hour period (IIT) on the same medium 
showed very slight changes in flask DNA content or in amount of AMPS 
produced as compared with flasks harvested at the end of period i Specific 
production decreased to 1.15, however, two thirds of the previous value, since 
mean DNA content over period III was 50 per cent higher than in period II. 
An additional period of incubation with medium of high growth potential, in 
flasks with high cell densities, thus resulted in coincident decreases in DNA 
synthesis and specific AMPS production. At the same time, cell-bound AMPS 
increased almost threefold from period II to period III, as shown by TABLE 3. 

Results of these two experiments again suggest a direct relationship between 
growth rate and AMPS production. Decreased rate of growth on medium of 
decreased nutrient content was accompanied by immediate and substantial 
reduction in amount of specific AMPS production. Decreased growth rate due 
to crowding had a similar effect. 


TABLE 3 
Crett-Bounp AMPS (EXPERIMENT 54) 
Net Micrograms Uronic Acid per Flask* 


Period 
Group 
I II Tit VI 
A 0.2 0.35 0.95 — 
B — _— 0.15 0.5 


* Values are averages of two analyses. 


STUDIES OF SOME METABOLIC FACTORS AND THEIR EFFECT 
Upon AMPS PropuctTion AND GROWTH 


Glucose Concentration 


Several experiments were carried out in which glucose concentration of the 
medium was increased and decreased from the standard 0.1 per cent. Results 
indicated that as much as a sevenfold increase (3.7 times standard concentra- 
tion at feeding plus additional concentrated glucose after 24 hours of incuba- 
tion) or a fourfold decrease in glucose concentration did not bring about signifi- 
cant differences in AMPS production, as compared with control cultures 
receiving 0.1 per cent glucose. See TABLE 4 for results of two experiments. 


Variation in pH 
The effect of varying the pH of the medium was investigated in a total of 5 
experiments; in 3 of these experiments other factors were varied as well. In 
one, the effect of changing gas phase CO concentration from 5 to 0.5 per cent 
on both growth and maintenance media was investigated. In this experiment 
and in at least 1 other it appeared that growth was blocked by the high pH 
resulting from decreased CO; tension in the gas phase; in no case did production 


of AMPS appear to be materially affected by varying pH in this manner. 
However, these experiments were not repeated in a satisfactory manner, since 
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the cells tended to become detached and to retract into clumps at the high pH. 
Studies of pH effects were not continued because of the lack of satisfactory 
methods for maintaining and measuring the pH at specified levels. 


Eagle’s Medium Concentration 


Results of experiments 54 and 55 indicated that the maintenance media used 
had, in fact, supported a slow rate of growth in both fresh and stock rat cells. 
Production of AMPS by cells on such maintenance media was variable, but 
lower than on growth media. For a more precise determination of minimal 
nutrient requirements for least growth and to study the effect of growth limited 
by starvation on specific production of AMPS, cultures were transferred to a 


TABLE 4 
EFFECT OF CHANGES IN GLUCOSE CONCENTRATION ON AMPS PropuctTion BY 
FRESH AND STocK RAT CELLS RECEIVING MAINTENANCE MEDIUM 
Analytical values are in units of micrograms per flask; values for T-15 flasks 
determined on at least 2 pooled flask contents. 


Average net Specific 


Gl S ti 
Medium (and flasks) Bcacentreton AMPS-uronic aloe hag AMAL 
DON gees send period 

Fresh Rat Cells: 
Maintenance (T-15) 0.1 0.95 Os72 £732 
0.04 1.07 0.80 1.34 

Stock Rat Cells: 
Maintenance (T-15) 0.1 0.92 5.16 0.39 
0.04 say) 4.58 0.41 
Maintenance (T-60) 0.1 5.86 24.20 0.24 
OFS 5.21 26.36 0.20 


Moderate variations in glucose concentration did not affect AMPS production. Sys- 
tematic variation in pH was likewise ineffective. 


medium containing 2 per cent of dialyzed placental serum either alone or with 
various low concentrations of Eagle’s medium for 2 feeding periods. Results 
of one experiment with stock rat cells are shown in FIGURE 4 and TABLE 5. 
AMPS production in all flasks decreased in the first period from production in 
the previous period on growth medium: the decrease in production averaged 
45 per cent for all T-15 flasks and 33 per cent for T-60 flasks on 25 per cent 
Eagle’s medium. In the second period, AMPS production again decreased 15 
to 58 per cent below production in the first period: the amount of the second 
period decrease was greatest in flasks receiving highest concentrations of 
Eagle’s medium. 

Total net growth (flask DNA content after 2 periods compared with average 
initial flask DNA content) was approximately proportional to the logarithm of 
the concentration of Eagle’s medium supplied. In the absence of Eagle’s 
medium, average flask DNA at the end of 2 periods was essentially unchanged; 
in the flask receiving 25 per cent of Eagle’s medium (highest concentration 
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tested), average flask DNA increased 113 per cent over initial values. Spe- 

cific AMPS production dropped sharply and progressively with arch pe 

centrations of Eagle’s medium from a value of 1.0 in its absence to 0.18 in the 
ce of 25 per cent of Eagle’s medium. ; 

ore rare pe ae (experiment 52) carried out with fresh rat cells resulted 

in no net growth over 2 successive periods of 47 and 79 hours at concentrations 


GROWTH AND AMPS PRODUCTION 
OF STARVED STOCK RAT CELLS 
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Yo EAGLE’S MEDIUM 
FicureE 4. Reciprocal relationship between amino-acid-limited growth and production 


of AMPS by starved cells. Eagle’s medium concentration is plotted logarithmically. See 
TABLE 5 for additional details. 


of Eagle’s medium of less than 10 per cent. Mitoses were observed, and slight 
net growth may have occurred with 10 per cent of Eagle’s medium and gluta- 
mine at 10ug./ml. In the absence of Eagle’s medium the cells did not, in fact, 
survive 2 complete periods, but appeared to be attenuated or necrotic, and were 
almost all detached from the glass at the end of the second period. In the 
flasks receiving 2 per cent of Eagle’s medium, a much lower proportion of cells 
was detached. However, specific production in all flasks during the second 
period remained at or above 1.1, except for flasks on 10 per cent Eagle’s me- 
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dium plus glutamine, where it averaged 0.75; these are the flasks in which 
slight growth may have occurred. Such a correlation between decreased 
specific production and very slight growth parallels the findings in experiment 
51; the fresh cells, however, were unable to survive or to grow in low concentra- 
tions of Eagle’s medium, satisfactory for slow growth of the stock cells. The 
most starved and apparently dying cells, on the other hand, continued to pro- 
duce substantial amounts of AMPS in the second period. 


TABLE 5 
GrowtH AND AMPS Propuction or StarveD Stock RAT CELLS 
(Experiment 51) 


Medium-D2/- Za. change Net ae oe 
2% PS-D with F ‘ uronic acid/flk. 
eae. Hiclia eared saci 2 SS ae Average DNA 
med. indi- Initial (2nd period) NE ie oad per flask 
cated (7) |DNA—1.64 ug oohr | $2 hr. 
0 —5 1.0 + 0.08 = Papers 1E52 1.38 
a 1.95 1.50 1S 
(—16%) 
?} =-il 0.86 + 0.18 — 2.18 1.38 avs 
+ 1.95 io 1.89 
(11%) 
5 +53 0.36 + 0.06 — 2.28 healt 3.02 
+ ein 0.53? (1) 2.00? 
(—22%) 
15 +82 0.31 + 0.01 — 2.20 0.93 (1) SinlZ 
+ 1.98 0.86 2.86 
(—10%) 
25 (T-60) +113 0.18 (2) _ 10.61 (1)| 4.83 (1) Mayas) (it) 
+ 8.80 (1)| 3.82 (1) 2659" (1) 
(-17%) 


Data of experiment of FicuRE 4. Initial DNA per T-60 flask was 11.7 micrograms; 
other values are in micrograms where not noted. Addition of glutamine to some flasks 
resulted in a decrease in AMPS production during the first period averaging 15%. 


Tue EFrFrect oF GLUTAMINE UPON GROWTH 
AND AMPS PRODUCTION 


Effect of Glutamine in Growth-Limiting Media 


Preliminary tests of the effect of glutamine on AMPS production, where the 
glutamine was added, at concentrations of from 10 to 300 ug./ml., to standard 
growth and maintenance media, were inconclusive. Subsequent investigations 
of the effect of glutamine were carried out under altered conditions, involving 
either pretreated cells or deficient media. In experiment 51, where increasing 
low concentrations of Eagle’s medium resulted in increasing growth but de- 
pressed AMPS production of starved stock rat cells, some flasks at each con- 
centration of Eagle’s medium were tested for the effect of 10 ug./ml. of added- 
glutamine (TABLE 5). 
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Glutamine did not affect AMPS production after a 24-hour incubation in 
the absence of Eagle’s medium; specific AMPS production was 0.25 in this 
instance (this datum was not included in TABLE 5) pate presence of glutamine 
resulted in a definite inhibiting effect on AMPS production of the remaining 
flasks. In the first feeding period, flasks receiving glutamine produced less 
than flasks without glutamine, in all 5 groups; the difference amounted to 10 
to 22 per cent, with an average difference of 15 per cent, for the 5 groups. In 
the second experimental interval the individual values fluctuated more, and 
the differences were not significant, but appeared to exist in most instances. 
This inhibiting effect of glutamine upon AMPS production possibly can be 
correlated with an increased DNA content in the flasks of each group that 
received glutamine, although the data are not conclusive; in 3 of the 4 groups 
where DNA was determined unequivocally, average values for flasks receiving 
glutamine were higher than values for corresponding flasks without glutamine. 
Values for flask DNA content fluctuated widely in some instances, however, 
and the net effect attributable to glutamine is not statistically significant. In 
the similar experiment (experiment 52) with “fresh” rat cells, previously re- 
ferred to, glutamine at 10 ug./ml. had no effect upon either growth or AMPS 
production, with one exception: flasks receiving 10 per cent Eagle’s medium 
and glutamine showed a slight increase in DNA content and a 30 per cent de- 
crease in specific production in each of 2 feeding periods over all other flasks 
less well nourished. Glutamine did promote minimal maintenance of the most 
starved cells, so that a higher proportion of them remained attached to the 
glass than in the absence of glutamine. 


On Cells Preadapted to Excess or Deficiency of Glutamine 


Glutamine was added at approximately 300 ug./ml. during several feeding 
periods in one experiment with stock rat cells, after which various lower con- 
centrations of glutamine were supplied to different flasks for 2 additional peri- 
ods. Results are summarized in TABLE 6. In this experiment all flasks pro- 
duced and released to the medium approximately the same amounts of AMPS 
at each of 2 incubation periods; concentration of glutamine present did not 
appear to affect the amount of AMPS produced per flask. However, there 
was a marked effect of glutamine upon growth of the cells; in the absence of 
glutamine there was no increase in DNA content of the flasks over the 7-day 
period. Increasing concentrations of glutamine, to 100 ug./ml., resulted in 
increasing amounts of DNA synthesis. It therefore follows that specific pro- 
duction of AMPS decreased with increasing concentration of glutamine; spe- 
cific AMPS production for the second and final feeding period ranged from a 
high of approximately 5.7 to a low of approximately 1.5, as glutamine concen- 
tration increased from 0 to 100 yg./ml. 

After stock cells had been grown for some time in the absence of glutamine, 
a similar test of glutamine was carried out. It is apparent from the results 
(TABLE 7) that in this instance the amount of DNA synthesis was not affected 
by glutamine at any concentration tested over an 8-day period: all flasks 
showed a uniform increase in DNA content to a mean of 5.22 ug. per flask (S.E. 
of 8 means was 0.16 wg. per flask), which amounted to 2.2 times the initial 


TABLE 6 
CELLS PREADAPTED TO Excess GLUTAMINE 


Effect of Glutamine Upon Growth and AMPS Production of Stock Rat Cells 
Following Preadaptation (Experiment 44). 


Supernate AMPS uronic DNA 


id 
Glutamine added os) oe ene Cell-bound AMPS Sea oe aie 
(nbs? /98 uronic acid content period. 
medium) First Second net yg-/flask ug. Super UA 
peed, ees Each pair | Average per'ug. DNA 
ays 
(Pooled) Initial: 1.28 
o 4.3 re te Pee Newel 5.2 
1 4.9 5.4 0.2 0.95 (0.95) Sail 
3 3.7 re ae eat cea ons 
10 3.8 a ee Be Mle AS 1.8 
30 3.6 4.6 nic Dee 32.69 1.7 
100 4.2 ge ae aaah 03 1.5 


See text for details. 


TABLE 7 
CELLS PREADAPTED TO ABSENCE OF GLUTAMINE 


Effect of Glutamine Upon Growth and AMPS Production of Stock Rat Cells Following 
Growth in its Absence (Experiment 47). 


Supernate PEPE yaoi acid Specific prodecdnn 
eee ala eee faa Cell-bound Sava FTN 
pp i C % ee Sanat ome End of 3rd per. 
(in DS2/s8medium)} F,4¢ | second | Third | net ue./fask | ¥&-/fask 
ae a vee 2nd* per. | 3rd per. 
Initial: ee (F603) (after 4 d. on E-5) aa an, 
(Pooled) 
0.7 — Sa 5i6) 0.1 
0 2M ein 08 ne 99 0.2 4.76 0 Flys Olt 
0.9 0.2 5.08 0.2 
1 See TEA 42) 0.2 5.92 03 | 0.2 
3 (T-60) 9.5 7.4 536 Det 31.46 0.4 0.2 
2 0.2 5.59 0.2 
10 eal 1.0 1.2 5 5 Ol 0.3 0.2 
0.3 0.1 5.26 0.1 
100 i call 2 Sete 0:8 0.6 4.56 Os ehi? 


* Assumes exponential growth with mean 2nd period DNA approximately 62% of final 


DNA. 
See text for details. 
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value. Production of soluble AMPS decreased with each successive feeding, 
almost without exception, from the average of 2.49 yg. of AMPS-UA per flask 
produced on growth medium in the interval just prior to the experimental 
feedings. Glutamine supplied had a questionable effect, in reversing this pat- 
tern of progressively decreasing production, at the 1 and the 10 ug./ml. levels. 
However, the T-60 flask supplied glutamine at 3 ug./ml. also showed the pat- 
tern of successive decreases in AMPS production with each feeding. 

Specific production of AMPS in this experiment was low in all cases: it 
amounted to an average value of 1.04 at the beginning of the experimental 
period, and it decreased to an estimated average (assuming an exponential 
DNA increase over the 8 days) of approximately 0.32 at the end of the second 
experimental feeding period and to an average of 0.16 at the end of the third 
and final period. 


Effect of Glutamine Following Preincubation 


In one experiment (No. 57), flasks of stock cells were preincubated at 37° C. 
for 4 hours in maintenance medium without Eagle’s components. Such treat- 
ment resulted in a small amount of AMPS production during the preincubation 
period followed by diminished and decreasing rate of AMPS production over 
7 and 42 hours of further incubation following a change of medium. Total 
AMPS production over the 46 hours of preincubation plus incubation periods 
was 64 per cent of that for flasks incubated for 46 hours without a preincubation 
period. Glutamine at concentrations of 10, 100, and 400 ug./ml. had no effect. 

When a similar experiment was carried out, but with flasks preincubated for 
4 hours in the cold instead of at 37° C., subsequent production of soluble AMPS 
after 50 hours on maintenance medium averaged the same as production in the 
previous 96 hours on growth medium. In this experiment, S**-sulfate was 
added to the preincubation and the incubation media, and radioactivity, as 
well as uronic acid content of the AMPS extracts, was determined. 

Results of this experiment (No. 58) are given in TABLE 8. Production of 
soluble AMPS in the 7 to 50-hour interval fell off almost 50 per cent from the 
rate of the first 7 hours for flasks receiving no glutamine. In flasks receiving 
150 ug./ml. of glutamine, the rate in the 7-to 50-hour interval fell off still more 
sharply: after 50 hours, the average difference (0.81 ug. of AMPS-UA) between 
the flasks with and those without glutamine is significant at close to the 1 
per cent level; glutamine clearly inhibited net production of soluble AMPS, 
as determined by uronic acid content of the AMPS fraction. 

The amount of radiosulfate fixed in soluble AMPS at 50 hours was 6 times 
the amount found at 7 hours; the 7- to 50-hour rate of sulfate fixation thus 
remained more nearly constant than net AMPS-UA production in this period, 
decreasing to approximately 80 per cent of the rate for the first 7 hours. In 
contrast to the 25 per cent inhibition of AMPS-UA in the presence of glutamine 
after 50 hours, there was no significant glutamine inhibition of radiosulfate 
fixation. _At 7 hours there were no significant effects of glutamine on either 
uronic acid content of AMPS or in sulfate fixation. The data, while not con- 
clusive, suggest that different factors control rates of AMPS production and 


rates of their sulfation by the fibroblast cell, although other possibilities cannot 
be excluded (see under Discussion). 


wy 
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In the 4 hours of prior preincubation at 3° C. a small amount of radiosulfate 
was incorporated into the soluble AMPS fraction along with a small net increase 
in soluble AMPS-UA. Two washes with cold unlabeled medium were sufficient 
quantitatively to remove loosely bound, labeled AMPS from the cells after 
preincubation. Preliminary investigation had established that labeled sulfate 
incubated with medium taken from the cultures did not exchange with soluble 
AMPS in the absence of cells. 

Radiosulfate in the cell-bound AMPS fraction at 7 hours was approximately 
half of the amount present in the soluble AMPS fraction at that time. The 
content in the cell-bound fraction continued to increase somewhat, but its 


TABLE 8 
EFFECT OF GLUTAMINE ON AMPS PropucTION BY 
Stock Rat CELLS (EXPERIMENT 58) 
: Parallel Determinations of S%*-Sulfate and Uronic Acid Content of AMPS Produced 
Flasks preincubated 4 hours at 2=3° C. Each value represents 2 or 3 (with SE). 


Average calculated 
, Average/net supernate AMPS = |———__-___-_ Saat ra S 
D-2/0 medium ChS 
Hours at 37° C. Glutamine 
y/ml. 
Toni id S35 as % Wont 
ia ase cpm /flask UA-y ca acid oa 
0 0.7 556 03 Saf! — — 
if 30 0.75 + .10 718 + 41 .04 6.5 0.6 364 
150 0.83 + .07 599 + 35 .03 4.9 1.0 302 
0 3.18 + .19 | 3707 + 71 Al Teh 0.6 557 
50 
150 2.37 + .14 | 3542 4+ 48 .20 9.8 Ox5 559 


See text for details. Assumed ‘Chondroitin Sulfate’ (ChS) was calculated from the 
radioactivity data, the specific activity of the medium sulfate, and the uronic acid values 
as indicated in the specific procedures sections under Materials and Methods. Values 
given are means of 3 determinations on 2 pooled flasks each where standard errors are given; 
otherwise, they are means of 2 determinations. 


proportion decreased in relation to the soluble fraction so that it constituted 
only 15 per cent of the soluble fraction at 50 hours. 


NATURE OF THE AMPS PRODUCED 


The nature of the AMPS produced was indicated but not established by a 
variety of techniques in preliminary studies: first, partially purified AMPS 
extracted from pools of supernates were digested completely by both testicular 
and pneumococcal hyaluronidases, although bacterial hyaluronidases do not 
degrade the chondroitin sulfates; second, the dialyzable oligosaccharides after 
enzymatic digestion, when collected, concentrated and chromatographed, gave 
a pattern of spots indistinguishable from that obtained with the respective 
enzymatic digests of purified hyaluronic acid (method of Weissmann ¢f a/., 1954) ; 
third, hydrolysis of the AMPS and chromatography of the hydrolysate (method 
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of Fischer and Nabel, 1955) indicated the presence of glucosamine but not 
galactosamine; fourth, calculating the specific activity of the S**-sulfate in the 
incubation medium of experiment 58 made it possible to estimate the amount 
of presumed chondroitin sulfate present in the AMPS extracts and the fraction 
that this constituted of the total AMPS, estimated from uronic acid values. 
These estimates indicated that the “chondroitin sulfate” component was pres- 
ent as only 5 to 10 per cent of the total AMPS. This small fraction of chon- 
droitin sulfate would not have been detected by the other methods. To the 
extent indicated by these limited studies, both the fresh cells and the stock 
cells growing for 3 years in culture produced a major fraction of hyaluronic 
acid and a minor fraction of a presumed chondroitin sulfate. 


MoRPHOLOGIC AND HISTOCHEMICAL STUDIES 


The appearance of fibroblasts growing in culture has been described and 
pictured many times (see Cameron, 1952 for review; Parker, 1933; Fawcett, 
1954; and Willmer, 1958 for figures). Appearance of the cells in this study 
in both primary and suspension cultures differed in no essential way from 
previous descriptions of similar material; they did not resemble the endosteal 
cells of bone matrix. 

Definitive metachromasia of cells from suspension cultures was not observed. 
The colloidal iron technique gave a pattern of cellular staining that corre- 
sponded closely to the pattern of basophilia obtained with either azure B or 
toluidine blue. 

The standard paS stain demonstrated (1) fairly uniform small cytoplasmic 
granules in a variable proportion of cells, and often in groups of cells in close 
proximity; (2) occasional larger amorphous irregular cell inclusions with dis- 
tinct boundaries or similar material closely associated with cells; and (3) vari- 
able general or diffuse staining of cellular material, especially when cells were 
aggregated in strands or clusters several cells thick. Cytoplasmic granules of 
a distribution and appearance similar to those demonstrated with the paS 
stain were seen also in cells fixed and observed unstained under phase contrast. 
There was no apparent difference in the numbers of paS-positive granules 
under conditions where a difference of two and one-half times in the amount of 
cell-bound AMPS was found analytically. 

Extraction with hot acetone or methanol-chloroform mixtures did not appear 
to diminish either granular, amorphous, or diffuse paS staining. No staining 
occurred when the periodate oxidation step was omitted from the procedure. 
Digestion with hyaluronidase for 30 min. had no effect upon the paS staining 
of either cytoplasmic granules or material in clumped cells. Treatment with 
either intact or boiled hyaluronidase for 414 hours sharply diminished back- 
ground paS staining, but paS staining of debris in cell clumps and of cytoplas- 
mic granules was not affected appreciably. Digestion with saliva did not 
materially affect any of the 3 types of paS staining described. 


Discussion 


Range of AMPS Production per Cell 


The only other work on AMPS production by a defined line of cells of 
connective tissue origin dispersed as a suspension is that of Castor (1959), 


Morris: Acid Mucopolysaccharide Production 903 


who compared hyaluronic acid production in cultures of human synovial cells 
over successive periods and also compared production by cells obtained from 
different persons. 

Castor presented his data, obtained on the basis of cell counts made in 
the process of setting up new subcultures, in the form of the amount of AMPS 
produced per cell per day; this value ranged from 30 X 107 to 262 X 10-2 
gm. under his standard conditions. Similar computations may be made for 
the amount and rate of AMPS production by cells in the present system, 
with the use of Leslie’s figures (1955) for DNA content of the (predominantly) 
diploid rat cell. In the course of the present studies, some parallel counts 
of numbers of cells per milliliter of suspension and determinations of initial 
(cell-suspension aliquot) DNA were made to check replication. In 2 in- 
stances the DNA determinations were made on a sufficient number of sam- 
ples to give a standard error, and an estimate of DNA per cell in suspen- 
sion could be made, as shown in TABLE 9. 

From this table it appears that Leslie’s average value of 6.8 X 10-2 gm. 
DNA per cell (converted from DNA-phosphorus values) is a reasonable es- 
timate to use. Taking uronic acid content to constitute approximately 40 


TABLE 9 
Per 2-ml. aliquot Esti 
Expt. no. Type cells x ons aes wer 
No. cells DNA (X'10- gm.) 
45 Fresh 77,000 | 0.44 + 0.029 9 6.0 
54 Stock 67,000 | 0.48 + 0.013 5 Theaik 


per cent of the acid mucopolysaccharide molecule and Leslie’s figure for cell 
DNA, the data of experiment 50 work out approximately as follows: specific 
production in periods II (3.1) and III (2.5) represents production of approxi- 
mately 53 X 10-2 and 41 X 10-” gm. of AMPS per average cell, respec- 
tively; and initial rates of production amount to 1.6 X 10-¥ and 1.1 K 10°” 
gm. of AMPS per average cell per hour, in the 2-successive periods. 


Relation of Growth Rate and AMPS Production 


If the data for the early intervals of periods II and III of experiment 50 
are compared (FIGURE 1, TABLE 2), it is apparent that the rate of AMPS 
production is 40 to 50 per cent higher in the first 20 hours of period IT than 
in the first 12 or 34 hours of period III. These different initial rates of AMPS 
production coincided with different degrees of mitotic activity, so that flask 
DNA content increased 126 per cent and 32 per cent in periods II and III, 
respectively. This correlation, also observed in other experiments, suggests 
a direct over-all relationship between rate of growth and rate of AMPS pro- 
duction by cells; the data of experiments 54 and 55 tend to confirm this re- 
lationship. Since in these last 2 experiments cellular AMPS production is 
defined in terms of a specific production, the justification for defining and 
using this term as it has been employed will be considered. 
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This ratio has been defined for these studies in terms of an intermediate 
DNA, where flask DNA content changes during a feeding period. Selection 
of the intermediate DNA value was based upon the following considerations: 
use of either initial or final DNA for the calculation would be misleading; 
an increment of DNA that occurred late in a feeding period, representing 
new daughter cells, would not synthesize AMPS for as long a time nor as 
effectively (because of progressive medium depletion) as would DNA repre- 
senting cells present from the beginning of the period. However, additional 
AMPS is produced late in at least some feeding periods after extensive growth. 
The additional AMPS in these instances could have been contributed only 
by new daughter cells after mitosis. An alternative hypothesis, that the 
original and the daughter cells are not equally competent with respect to 
intrinsic growth rate and AMPS production, is inadmissible, because this 
would have led to an inverse relation between total growth and specific pro- 
duction, which was never observed. 

The use of mean period DNA appears to describe the situation quite ac- 
curately, at least for the conditions obtaining in periods IT and III of experi- 
ment 50. In both of these periods, the point on the DNA curves represent- 
ing the mean DNA value for the period corresponds closely in time with 
the point at which half the total AMPS to be produced in that period had 
already appeared. The analytic points are too few to establish this rela- 
tionship with precision, but it seems permissible to interpret this correspond- 
ence as indicating that half the AMPS were produced in the interval during 
which half of the total DNA increase was taking place. 


Growth and Specific Production Influenced by Medium and Crowding 


In experiment 55 (FIGURE 2) the relationship between specific production 
and growth rate is direct and obvious (compare values for groups A and B 
in period III). However, the fact that decreased rate of growth and de- 
creased production of AMPS occur together, when cells are transferred to 
maintenance medium, does not establish a direct relationship. Another type 
of growth limitation occurred in experiment 54 (FIGURE 3), where flasks in 
group A were continued on growth medium for 1 and 2 periods after the 
setup period. Flask population more than doubled (160 per cent increase) 
after the first feeding (period II), while specific production for the period 
increased approximately 50 per cent (to 1.76). After the second feeding (pe- 
riod IIT) on the same medium, the condition of crowding inhibited cell divi- 
sion almost completely, confirming recent quantitative studies made by others 
(for example, Harris, 1955; Fioramonti ef al., 1958). With crowding, spe- 
cific production decreased by more than one third (to 1 ey \ 

AMPS production may well be reduced or stopped during the actual proc- 
ess of mitosis without greatly decreasing the amount of AMPS produced 
over an extended period, since the mitotic period, approximately 20 to 50 


min. (Cameron, 1952), is only a small fraction of the cell generation time, 


approximately 15 to 40 hours, for rapidly growing rat fibroblasts (Harris, 
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1955a). AMPS production probably continues to within a short time of mi- 
tosis and commences in the daughter cells a short time after mitosis. The 
data of experiment 50 and other experiments indicated that rate of AMPS 
production was not decreased appreciably during periods when considerable 
DNA synthesis was occurring; Harris (1959) found that the median period 
of active DNA synthesis extended from 13 to 14 hours to 3 to 4 hours be- 
fore mitosis in young rat heart fibroblasts. 

Whatever the precise temporal relationship between AMPS production and 
mitosis, specific production in these experiments did not decrease except where 
growth rate was depressed: rate of AMPS synthesis remained highest in grow- 
ing, that is, dividing, populations of cells, but fell somewhat when the cells 
were not actively proliferating. That the rate of AMPS synthesis is not de- 
creased during intervals of active DNA synthesis suggests that these two 
processes need not be competitive. 

Although growth rate and rate of production of AMPS were positively 
correlated in cells fed with growth medium, growth is not a necessary con- 
dition of production. Other data established the fact that cells dividing slowly 
or not at all produce large amounts of AMPS at quite constant rates over 
extended periods of time. Regardless of whether growth limitation was caused 
by crowding or by maintenance medium, specific production in growth-limited 
cultures reached a high of 1.0. Moreover, sequential analyses of supernates 
from extremely dense, nongrowing stock culture flasks, maintained without 
disturbance for many months to provide material for subcultures, indicated 
that average specific production remains quite constant at about 0.6; the 
syrupy supernate from such flasks invariably produced a heavy mucin clot. 


“Competitive” Interaction of Slow Growth and AMPS Production 


Cells on dilute maintenance medium adequate only for very slow growth 
rates produced less AMPS than did cells on maintenance medium too di- 
lute to sustain growth. This is probably a competitive effect between growth 
processes and processes involved in AMPS production; limiting concentra- 
tions of substrates or products of the substrates may be involved. Since 
the same effect was observed in other experiments where vitamins and co- 


_ factor concentrations were held constant and only amino acid concentrations 


Sh ed hs 


were changed, it is probably attributable to limiting concentrations of one 
or more amino acids among the 12 in Eagle’s medium (FIGURE 4, TABLE 5). 

Inhibition of AMPS production was observed also when similar cultures 
of human fibroblasts derived from adult temporal bone were permitted to 
grow slowly in the presence of low concentrations of Eagle’s medium; this 
was not the case with nongrowing cultures without Eagle’s medium (Morris, 
unpublished observations). In both the human and the rat cell, this effect 
was independent of the presence or absence of glutamine: in the rat cell, 
glutamine was ineffective or it depressed AMPS production somewhat at the 
same time while, in the human cell, glutamine stimulated AMPS production 
slightly, in contrast to controls without glutamine, whether or not Eagle’s 


medium was present. 
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Results of Present Studies Varying Glucose Concentration and pH 


Results of several experiments in the present study indicated that rate and 
amount of AMPS production by cultured rat fibroblast cells were quite in- 
sensitive to moderate variations in glucose levels and pH which, considering 
their relevance to the assumed metabolic pathways from glucose to the AMPS 
or to glucose metabolism in general, or to both, might have been expected 
to affect it. Such studies might be more profitably extended in strictly regu- 
lated systems, analogous to the complex “cytogenerator” of Graff and McCarty 
(1958), where glucose concentration and pH may be controlled, maintained, 
and determined over long periods of in vitro growth of animal cells. More 
drastic changes in these variables, or the use of metabolic poisons or inhibi- 
tors or other agents, might have brought about significant changes in the 
production of AMPS, but this study was arbitrarily restricted to experimental 
variables compatible with long-term maintenance, “normal” growth of cells 
in culture, or both. The present studies may serve as background for future 
work with hormones and other agents known to have profound effects upon 
connective tissue metabolism (Dorfman and Mathews, 1956; Asboe-Hansen, 
1958, 1959). 


Lack of Direct Stimulatory Effect of Glutamine 
on AMPS Production in These Studies 


The role of glutamine in connective tissue AMPS production is somewhat 
controversial; while glutamine has been identified as active in some prepara- 
tions synthesizing glucosamine-6-phosphate from glucose- or fructose-phosphate 
(Leloir and Cardini, 1953; Pogell and Gryder, 1957; Castellani and Zambotti, 
1958), in other systems (Leloir and Cardini, 1956; Comb and Roseman, 1956) 
ammonia is the source of the amide-nitrogen. In the present study, gluta- 
mine either was ineffective or slightly inhibited AMPS production when added 
to a medium supporting rat cell growth or maintenance. Furthermore, exoge- 
nous glutamine was not required for maintenance of the cultured rat fibro- 
blast, not even by “stock” strains with long in vitro history and, except in 
the special case of subcultures preadapted to an excess, glutamine was not 
demonstrably effective in promoting cell growth. 

Complete absence of added glutamine (raBLE 7) brought about marginal 
changes in metabolism. In contrast, cells preadapted to excess glutamine 
(TABLE 6) showed a marked dependence upon glutamine for growth but, since 
production of AMPS remained practically constant for all flasks, specific pro- 
duction decreased inversely with growth. Such an effect of glutamine upon 
growth was not found during any other experiment. Dependence upon gluta- 
mine for growth in culture was found by others to be characteristic of es- 
tablished and neoplastic cell strains, but not for several normal cells (Pasieka 
and Morgan, 1959). Together with the uniquely high values for specific pro- 
duction encountered in this experiment, the data suggest that changes in 
metabolic patterns of the cells have occurred as a result of their preadapta- 
tion to glutamine, perhaps by a mechanism similar to that noted by DeMars 
in 1958 (see below). However, specific production of AMPS by the cells in 
the preadaptation experiment reached its highest value (5.7), one of the high- 
est found in any experiment, without added glutamine. 
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Possible Mechanisms of Observed Glutamine Effects 


Although one laboratory (Bostrom et al., 1955; Roden, 1956a, b, c) has re- 
ported that glutamine stimulates fixation of S**-sulfate and of C-labeled glu- 
cose into sulfated mucopolysaccharide of calf cartilage and pig nucleus pulposus 
slices, the net synthesis of AMPS was not studied in that instance, and there 
have been no reports of glutamine stimulation of net AMPS synthesis in con- 
nective tissue systems. In a recent study (Pogell, 1959) glutamine stimulated 
the labeling of tissue hexosamines two- or threefold when bovine corneas were 
incubated in vitro in the presence of C'labeled glucose; however, it was not 
established that this represented either AMPS hexosamine or net synthesis, 
and the very low glucose and high glutamine concentrations used make inter- 
pretation uncertain. Other reservations have been expressed regarding the 
cell-free system of Castellani and Zambotti (1958), and its recent extensions 
(Paronetto, 1959). 

-A recent report concerning the effects of medium glutamine on glutamine 
metabolism of cultured HeLa cells suggests a mechanism for the metabolic 
changes observed in cells preadapted to excess glutamine (experiment 44). 
DeMars (1958) showed that both the specific activities of glutamyl transferase 
and those of glutamyl synthase enzymes (which may be different activities of 
the same enzyme) were greatly depleted when HeLa cells were grown in high 
cencentrations of glutamine. These activities were reversibly restored fifteen- 
fold to high levels when the cells were grown in the presence of high concentra- 
tions of glutamic acid without glutamine. These two enzymatic activities 
together constitute key pathways for glutamine synthesis and its utilization 
in cellular metabolism; a similar inhibition of these activities brought about 
by adapting cells in the present study to concentrations of glutamine slightly 
higher than those used by DeMars, would account for their inability to grow 
subsequently without it. 

The reasons for the unusually high specific production of AMPS by those 
preadapted cells that subsequently received no exogenous glutamine are not 
immediately apparent. The possibility remains that connective tissue cells 
are able to form hexosamine intermediates for AMPS synthesis from glucose, 
using ammonia or other nitrogen sources besides glutamine, as suggested by 
Leloir and Cardini (1956) for pig kidney extracts. The data support this pos- 
sibility; on the other hand, if endogenous glutamine is involved in AMPS 
production in these cells independently of exogenous glutamine, then questions 
must be raised regarding the nature of such endogenous “glutamine” and its 
equilibrium with other intracellular pools of glutamine. Exogenous glutamine 
appears to be used by many other cells and tissues essentially in the form sup- 
plied them, via known steps in cellular glutamine metabolism (Levintow e¢ a. 
1957; McCarty and Graff, 1959). Furthermore, a direct effect of glutamine 
on growth was observed under special conditions in the present studies. It 


- would be of interest to observe whether ammonium salts have any effect upon 


AMPS production in this or similar systems: it is conceivable that a mechanism 
such as that indicated by DeMars had made available excess unbound ammonia 
for AMPS synthesis to those nongrowing cells subsequently deprived of gluta- 
mine in the preadaptation experiment. If formation of hexosamine interme- 
diates directly from glucose and ammonia were involved, it would-explain the 
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unusually high specific production of glutamine-preadapted cells in the absence 
of added glutamine. 


Depression of AMPS Synthesis in the Presence of Glutamine 


The results of three experiments indicated a degree of inhibition of specific 
AMPS production in the presence of added glutamine at both low and moder- 
ately high concentrations. In all cases, the cells had just been transferred to 
a deficient maintenance medium after a prolonged feeding interval on growth 
medium that included standard concentrations of glutamine. In experiment 
58 (TABLE 8) the cells were additionally depleted before the test period by pre- 
incubation at ice-bath temperature with deficient medium. As adjudged from 
the results of experiments 51 (TABLE 5) and 52, it appears likely that glutamine 
had shunted metabolic efforts of the depleted cells toward maintenance and 
growth at the expense of AMPS production; however, the data are not con- 
clusive. A similar glutamine stimulation of marginal growth on deficient 
medium might explain the inhibition of AMPS production observed in the 
presence of glutamine in experiment 58. Since glutamine is a key intermediate 
for utilization of other metabolites in growth and maintenance of many cul- 
tured cells, the over-all mechanism in these instances is probably similar to 
the one involved in the competitive aspects of growth and AMPS production 
with limiting amino acid concentrations. 


Radiosulfate Study: Independence of AMPS Synthesis and Sulfation 


The present data suggest that AMPS production and sulfate fixation pro- 
ceed at different rates. That sulfation of the AMPS molecule might proceed 
independently of its synthesis and polymerization was suggested by Meyer in 
interpreting results of studies of AMPS fractions from tissue cultures of em- 
bryonic bones which indicated that the sulfated components might be “under- 
sulfated” (Grossfeld et al., 1957). This appears to be confirmed by the studies 
of D’Abramo and Lipmann (1957), of Suzuki and Strominger (1959), and of 
Korn (1959), in which “active sulfate,” synthesized in cell-free systems, is 
attached by ester linkage to sulfated mucopolysaccharides when present, but 
otherwise to other acceptors. Because glutamine was not effective in promot- 
ing AMPS synthesis in the present study, it would not be expected to increase 
the amount of sulfate fixation in AMPS. 


Binding of AMPS to the Cells: Significance of the Present Studies 


Most kinds of AMPS can be readily extracted from connective tissues, either 
alone or complexed with specific proteins (Meyer, 1953, 1959; Malawista and 
Schubert, 1958; Muir, 1958; Partridge and Davis, 1958; Ogston and Sherman, 
1959). A single layer of dissociated cells or of cells reassociated in a thin sheet 
with scant formed ground substance might be expected to bind AMPS less 
firmly than does the usually abundant ground substance of formed tissue. This 
is particularly true when the AMPS is chiefly of the hyaluronic acid type, as 
in the present study. It is well known that hyaluronic acid is very hydro: 
philic and is bound loosely, if at all, to protein. Two other probable factors 
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are (1) the presence of a large excess of aqueous medium bathing the cells in 
culture, rather than the restricted diffusion of tissue water (Edelman, 1952; 
Edelman and Leibman, 1959), and (2) the possibility of altered cell metabolism 
in culture, resulting in production of less ground substance protein for binding 
the AMPS. 

Soluble AMPS appeared with little or no delay after a change of medium, 
as indicated in experiment 50 and in additional studies of AMPS released 
within four to five and one-half hours of a medium change. The rapid appear- 
ance of this soluble AMPS was not simply an extraction of previously formed 
cell-bound material, since the amount of cell-bound AMPS also increased soon 
after a change of medium. 

In several instances in which growth stopped or continued at a very low rate 
for extended periods, cell-bound AMPS tended to accumulate. If, as an in- 
dex of the amount of AMPS bound per cell, the amount of cell-bound AMPS- 
UA found is divided by the amount of DNA present, some comparative results 
may be presented (TABLE 10). A similar increase in cell-bound AMPS was 


TaBLeE 10 
Increase in |Cell-bound 
Expt re eet oS hale ach amok est dosent 
period (%) ratio 
A II 165 0.08 +150 | Crowding 
54 (FIG. 3) A Til 5 0.20 ; 
B VI (Est. 32) | 0.26 +30 | Reduced nutrition 
A Til 210 0.15 +155 | Reduced nutrition 
~ 55 (Fic. 2) B Il 0 0.38 


observed in extremely crowded, static Carrel flask cultures of stock cells main- 
tained on A-3 medium, from which material was taken to set up subcultures 
used in preparing cell suspensions. In these cultures, cell population density 
frequently was more than twice that of the most crowded suspension cultures. 


In 2 such cultures selected at random and analyzed, the cell-bound AMPS- 


UA/DNA ratios were 1.08 and 0.75, respectively; the fraction bound to the 
cells in these instances averaged 11% times the very large amount of AMPS 
found in pooled supernates collected from similar cultures. 

The correlation between increased binding of AMPS to tissues and decreased 
rate of division of constituent cells might have at least two explanations: a 
concomitant increase in production or retention of ground substance protein 
or fibrous protein with cessation of active “growth”, or “squeezing out” of their 
AMPS content by dividing cells, possibly as a consequence of the mitotic act. 
The small amounts of cell-bound AMPS frequently resulted in erratic values 
in the conventional (uronic acid) method of estimation. The study with radio- 
sulfate (TABLE 8), however, appeared to confirm that only a small part of the 


_ AMPS (sulfated in this case) was bound to cells where rate of production was 


high. 
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Significance of the Histochemical Studies 


The essentially negative findings of these studies are consistent with a great 
deal of previous work by others, which has established that hyaluronic acid 
is not metachromatic at low concentrations (Sylven and Malmgren, 1952; 
Walton and Ricketts, 1954; Windrum, 1958) and that the paS reaction does 
not stain connective tissue AMPS, although it was used previously for this 
purpose (Greulich and Friberg, 1957; Lever and Ford, 1958; Meyer, 1957). 
The numbers of paS-positive granules present in the cytoplasm (Jackson, 1955) 
did not appear to be correlated with the rate of AMPS production ; the presence 
of such granules, therefore, cannot readily be invoked as representing segregated 
precursor substances or sites for AMPS production. 


Cell Differentiation and the Nature of the AMPS Produced 


The finding that these cultured cells produce very small amounts of sulfated 
AMPS seems noteworthy: tissue culture studies of AMPS produced by cells 
growing from embryonic beef bone fragments (Grossfeld e¢ al., 1957) are in 
accord both with studies of the AMPS in early fracture callus in vivo (Maurer 
and Hudack, 1952) and with the present studies. In all cases hyaluronic acid 
appeared to predominate, while sulfated components (chondroitin sulfate C in 
the 1957 tissue culture study) were minor. This is in sharp contrast to studies 
of calf and beef bone AMPS content (Meyer, 1956; Meyer e¢ al., 1956), where 
hyaluronic acid is a minor component or is absent. Such findings support the 
view that growing fibroblasts in tissue culture revert to a ‘“‘primitive” type of 
function (Willmer, 1958) analogous to that of fibroblasts of early embryonic or 
early wound tissue. 


Comparison of Stock and Fresh Cells 


The fresh and the stock cells appeared not to differ significantly in the amount 
or kinds of AMPS they were producing, although they differed slightly in their 
nutritional requirements and rate of growth. Prolonged periods of in vitro 
culture frequently result in permanent changes in cells; these changes include 
aneuploidy, changed DNA complement, and changes in growth rate, nutritional 
requirements, antigenic properties, enzyme activities, and tumor-inducing ca- 
pacities, if reimplanted into an animal (Grobstein, 1959, pp. 477 ff.; Rinaldini, 
1958). In addition, longer cultures of human synovium have been reported 
to lose their capacity to produce AMPS (Kling e¢ al., 1955; Castor, 1957, 1959) 
or to have it impaired. The present finding of marginal differences only be- 
tween recently isolated cells and an established cell strain is noteworthy, con- 
sidering the numerous examples of cell “alterations” in tissue culture, where 
such cultures are not maintained under “optimal” conditions (Tjio and Puck, 
1958). If definitive tissue differentiation is controlled by factors manifested 
only in aggregates of cells, as is held by many embryologists (Grobstein, 1959), 
the amount and rate of uncontrolled cellular growth occurring during the first 
weeks of in vitro culture might well be accompanied by reversion to a primitive 
pattern of AMPS production. Additional periods of adequate maintenance 
and growth in the neutral milieu of tissue culture might be expected to elicit 
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no further changes (except for occasional random neoplastic changes) in the 
now adapted and stabilized tissue culture fibroblast strain. 


Summary 


Osteogenic rat fibroblasts produce and release considerable quantities of acid 
mucopolysaccharides (AMPS) into the culture medium when grown as a single 
cell layer on glass in T-15 flasks. A much smaller amount of AMPS is retained 
by the rapidly growing cells; this amount increases when growth is slowed or 
stopped. By the use of replicate cultures prepared from cell suspensions, 
growth rate was estimated for these studies as increase in average flask DNA 
content. AMPS was extracted from the used medium and cells and the uronic 
acid content of the extract was estimated; AMPS production was expressed as 
“specific production” (per mean microgram of DNA per period) or as a “‘rate 
constant” (specific production per hour). Simultaneous cell counts indicated 
that maximal AMPS production ranged from about 40 to about 50 pug. of 
AMPS per cell per feeding period, and initial rates of 1.1 and 1.6 ug. of AMPS 
per cell per hour were observed. 

Growth and production of AMPS were compared for cells recently isolated 
from calvaria of young rats and for cells of similar origin maintained for three 
years in culture. In both types of cells, the relationship between growth rate 
and production of AMPS was investigated as a function of medium composi- 
tion, “crowding” of cultures, and pH and concentration of glucose and gluta- 
mine in the medium. Slight differences in growth rate and behavior between 
the recently isolated cells and the stock cells were noted; there was no apparent 
difference between them in production of AMPS. Moderate variations in pH 
and glucose concentration did not affect AMPS production. 

Rapid growth was accompanied by higher rates of specific AMPS production 
than occurred with slower growth rates or in the absence of growth; AMPS 
production remained at moderately high and constant levels during extended 
periods of slow growth. Production dropped to lowest levels and appeared to 
be competitive with growth when growth was limited by the concentration of 
Eagle’s amino acid mixture present. 

Glutamine did not directly stimulate AMPS production in well-nourished 
cells, starved cells, or cells rapidly depleted of endogenous reserves during a 


preincubation period. Glutamine, in fact, inhibited AMPS production some- 


what in starved and depleted cells, possibly by participating in competitive 
metabolic activities essential for growth. These cells normally did not require 
glutamine for growth or maintenance. If preadapted to excess glutamine, 
glutamine was then essential for growth; the specific production of AMPS was 
inversely proportional to growth under these conditions. 

Preliminary chemical studies indicated that both types of cells produce 
chiefly a nonsulfated AMPS, apparently hyaluronic acid. A study with S*- 
sulfate indicated also that 5 to 10 per cent of a sulfated component was pro- 
duced by the stock cells. This component was not identified further. Histo- 
chemical and cytological observations of living and fixed cells taken from flasks 
of known AMPS content failed to show any differences in appearance or stain- 


_ ing reactions between cells with different amounts of AMPS produced by, 


or bound to, them. 
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THE EFFECT OF DUSTS ON L CELLS AND PERITONEAL 
CELLS IN DIFFUSION CHAMBERS 


R. C. Curran 


Department of Pathology, St. Thomas’s H. ospital Medical School, 
London, S.E. 1 


The “solubility” theory of silicosis supposes that particulate quartz, flint, 
and other forms of free silica are fibrogenic and produce silicosis because they 
slowly release a poisonous substance, that is, silicic acid, from their surfaces 
(King et al., 1956). Although, industrially, those dusts with a reputation for 
not being dangerous tend to have very low silica solubilities and those that 
are known to be silicosis-producing have high silica solubilities, experimentally, 
dusts of almost identical solubilities have widely different fibrogenic powers 
(King e¢ al., 1956). For this and other reasons the solubility theory has been 
questioned increasingly. 

The diffusion chamber (Prehn et al., 1954) offered a new approach to the 
problem. Its use first showed that no fibrogenic substance was liberated from 
a chamber of this type containing silica (tridymite), although the dust within 
it dissolved in the tissue fluids at a rate comparable to that of dust lying free 
in the tissues (Curran and Rowsell, 1958). In further experiments it was 
decided to introduce cells into the chamber along with the dusts. Cells of 
two types were chosen: one, Earle’s L strain of mouse “fibroblasts,” to show 
whether silica would stimulate them to increased collagen formation, and the 
other, homologous cells harvested from the peritoneal cavity of the rat, to 
show whether these cells and dust combined would liberate a diffusible fibro- 
genic toxin or whether silica could stimulate phagocytes to fibroblastic activity 
within the diffusion chambers in the same way that it does when free in the 
tissues (Curran, 1953). 


Materials and Methods 


The method of constructing the diffusion chambers is described in detail 
elsewhere (Curran and Rowsell, 1958; Rowsell e¢ al. 1960). For the experi- 
ments described in this paper, only the membrane type VC* was used, and 
Durofixt as the adhesive for all parts of the construction. Millipore mem- 
brane type HA (0.45 yu pore diameter) is also suitable. 

In one experiment the cells implanted were Earle’s mouse L cells ;t in another 
they were cells harvested from the peritoneal cavities of albino rats 4 days 
after the injection of 2 ml. glycogen solution (0.01 mg./ml.). About 60 per 
cent of the peritoneal cells were of the mononuclear type and about 40 per 
cent were polymorphs. The numbers of cells placed in each chamber ranged 
from 1 to 10 million. In each experiment, the dust§ used was either silica 
(tridymite) or diamond, of projected area diameters of 1.8 to 5.1 u and 0.6 to 
3.5 m, respectively; the quantity of dust in each chamber weighed from 1 to 


* Millipore Corporation, Watertown, Mass. 
} Rawlplug Co., Ltd., London, England. 


{Supplied by John Paul of Glasgow University, Gl. 
§ Supplied by G. Nagelschmidt, Sheffield, England, aes 
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10 mg. As controls, equal numbers of empty chambers and chambers con- 
taining cells alone were used. In each of the 2 experiments the total number 
of chambers was 24. The chambers were placed intraperitoneally, one to 
each animal; mice were used for the L cells and rats for the peritoneal cells. 
The chambers were removed a few days to 12 weeks after insertion, fixed in 
10 per cent formalin, and processed through alcohol and chloroform to paraffin. 
Multiple sections were cut and stained routinely with hematoxylin and eosin 
and for reticulin (Laidlaw’s stain), collagen (van Gieson’s solution and Mas- 
S trichrome), and mucopolysaccharide (periodic acid—Schiff and Alcian 
ue). 


Resulis 


L cells. The chamber usually lies quite free in the peritoneal cavity of the 
mouse. It is enclosed, however, in a very thin fibrous membrane that forms 
within 7 or 8 days of implantation (Curran and Rowsell, 1958). Omentum 
sometimes adheres lightly to any rough area at the edge of the chamber; when 
inflamed omentum adheres to the central porous area, there has been a failure 
in the sterilizing technique, and microorganisms then are found growing inside 
the chamber. Sterile chambers, whether they are empty or contain dust alone, 
cells alone, or cells plus dust, do not excite an inflammatory reaction. Rarely, 
however, a chamber, although sterile, is found adherent to the inferior aspect 
of the liver, probably because of the relatively small size of the mouse’s peri- 
toneal cavity. In such case the growth of cells within the chamber is not 
affected. 

Histologically, chambers empty at the time of implantation contain only 
watery tissue fluid. In those containing L cells, the cells multiply steadily 
and line the chamber within a few days. They soon form a layer several cells 
thick and many appear to be viable after several months (FIGURE 1). Cells 
die, but they fail to autolyse. Rarely, small masses of densely eosinophilic 
material form in close association with the cells (FIGURE 2). This substance is 
not argyrophil, nor does it react like collagen. Mucopolysaccharide cannot 
be detected within it. In the dust-containing chambers the L cells are not 
influenced by silica or by diamond (F1cuRE 3). In particular, silica does not 
seem to exert either a toxic or a stimulating effect on the cells, nor does it en- 
able them to form stainable reticulin or collagen. 

Peritoneal cells. The chamber almost invariably lies free in the rat’s peri- 
toneal cavity. Its adhesion to liver is very rare. Histologically, chambers 
that do not receive an inoculum of cells contain only watery tissue fluid. In 
chambers with cells harvested from rat peritoneum most of the implanted cells 
obviously are dead within a few days, whether a dust is present or not; that is, 
nuclear staining disappears (FIGURE 4). Further autolysis often fails to occur, 
and the cell cytoplasm persists indefinitely as an eosinophilic mass (FIGURE 4). 
Occasionally a few cells retain some nuclear staining for many weeks. In 
a few days flattened fibroblasts appear (FIGURE 4) and soon line the inside of 
the chamber (FIGURE 5). Most of the tissue formed is of a loose-textured 
areolar type. In these chambers inoculated with both cells and dust, small 
quantities of the dust are found in the middle of the areolar tissue and the 
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After 8 weeks, a thick layer of L cells lines the chamber. Some cells have died, but have failed to autolyse. 


X 180. 


FicureE 1. 
Hematoxylin and eosin 
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fibrous tissue around the particles is dense and hyaline (FIGURE 6). The re- 
sponses to both silica and diamond dust are the same: the fibroblasts appar- 
ently retreat and leave behind dense and almost acellular connective tissue. 
Thus they behave like osteoblasts laying down bone matrix. 

Simultaneously, rounded or ovoid masses (FIGURE 7) appear, which consist 
to a large extent of dense, poorly cellular collagen. These structures appear 
within about two weeks, project into the lumen, and grow progressively until 
they touch the other side of the chamber. Finally they may attain diameters 
of several millimeters. Equally common in the silica- and in the diamond- 
containing chambers, relatively few occur in those chambers inoculated with 
cells alone. Within these nodules, few nuclei exist centrally, but around the 
periphery flattened fibroblasts are numerous; in this zone, too, the fibers, pre- 
sumably the most recent, are more strongly argyrophil than those nearer the 
center (FIGURE 8). Acid mucopolysaccharide is found only in this cellular 
peripheral zone. It seems that the growth of the focus is peripheral and ex- 
pansile. 

The many sections cut from each chamber show that there is more fibrous 
tissue in the dust-containing than in the dust-free chambers and that there is, 
if anything, more in the diamond-containing chambers than in those containing 
silica. Dense hyaline fibrous tissue and the large ovoid or spherical fibrous 
masses are found almost entirely in the dust-containing chambers. After a 
few weeks, “free” dust, whether silica or diamond, is rarely found within any 
chamber, but is located within the spherical or the ovoid masses of collagen 
(FIGURES 7 and 8) or between the layer of fibrous tissue and the wall of the 
chamber. 


Discussion 


L cells. The inability of the L cells to form collagen greatly limited their 
value in these experiments. However, it was clear that silica was not toxic 
to these cells and that neither silica nor diamond stimulated them to prolifer- 
ate or to form further proteinaceous material. If a fibroblast is defined as a 
cell capable of forming fibers stainable by the common histological techniques 
for “reticulin” or ‘“‘collagen,” the L cells have apparently lost the right to be 
called fibroblasts. It may be that during their years of growth in vitro they 
have lost some essential enzyme system. The facts that they failed to secrete 
stainable mucopolysaccharide and that the eosinophilic material they formed 
had a fibrillary structure (FIGURE 2) suggest perhaps that the defect is an in- 
ability rather to form mucopolysaccharide than to form collagen. Chemical 
analysis readily should answer this question. 

Peritoneal cells. In the chambers inoculated with homologous peritoneal 
cells, proliferation of macrophages and polymorphs did not occur; the persist- 
ence of the remains of these cells within the chambers contrasted with the 
rapid disposal that might be expected in normal circumstances, and presum- 
ably was due to the fact that the interior of the chambers is a closed environ- 
ment, effectively isolated from the reticuloendothelial system. Fibroblasts 
grew, however, and, since none of the peritoneal cells had the conventional 
elongated shape of fibroblasts at the time of implantation, it must be assumed 


—— 
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that peritoneal exudate contains many cells that readily become fibroblastic. 
In one respect this is confirmed by the rapid encapsulation of each chamber in 
a thin fibrous membrane; it happens to chambers lying quite free in the peri- 
toneal cavity and having no point of adhesion to omentum or viscera. 

These experiments confirmed the earlier observation (Curran and Rowsell, 
1958) that silica enclosed in a diffusion chamber does not release a diffusible 
toxin or chemotactic substance; moreover, they showed that a silica-fibroblast 
mixture does not do so either. Since there was no detectable proliferation of 
phagocytes, the possibility that a phagocyte-silica mixture liberates a fibrogenic 
substance (Fallon, 1937) was not tested. 

It is difficult to understand how a chemically inert substance such as dia- 
mond can lead to the production of so much hyaline collagen. It should be 
noted that this ability to react to “inert” dusts is not peculiar to fibroblasts 
of peritoneal origin, for it is found in fibroblasts grown from fetal and adult 
rat liver (Curran and Rowsell, unpublished observations). In this context the 
observation that sheets of such relatively inert materials as mica and plastic 
stimulate fibroblasts to such proliferation that sarcoma often ensues (Oppen- 
heimer et al., 1958) may be relevant. It seems that fibroblasts in contact 
with any surface, regardless of its chemical nature, are always disturbed and, 


of course, the finely particulate materials used in the present experiments 


remain extracellular and thus present large surface areas to the fibroblasts. 


It is possible that reputedly nonfibrogenic dusts such as diamond stimulate 


_ the formation of fibrous tissue in certain pathological states in man. Cer- 


- tainly, in rats a mixture of quartz and inert dust produces much more fibrous 


tissue than does quartz alone (Ray e¢ al. 1951); it may be that the phagocytes 


- are killed by the quartz and that the fibroblasts that penetrate the quartz 


“barrier” then are stimulated by the “inert” dust. 
The lack of a toxic effect of silica on peritoneal fibroblasts and L cells is in- 


teresting in view of this dust’s profoundly irritant effect on normal tissues. 


~ It contrasts with the extraordinary susceptibility of polymorphs and macro- 


_ phages to the same dust lying free in the tissues. Perhaps the silica dust must 


\ 


be ingested before a toxic effect may be produced. 
The large spherical or ovoid masses of fibrous tissue are largely dust-induced, 


but their formation is somewhat obscure. The most obvious explanation is 


that the particles infiltrate between the sheet of fibroblasts and the wall of 


the chamber and thereby lessen the cells’ adhesiveness to the membrane. 


More probably, the dense fibrous tissue formed in response to the dust con- 


tracts greatly as it matures, and pulls the layer of tissue off the membrane; 


~ the tissue then would tend to roll up into a rounded mass that thereafter may 


grow steadily in an expansile and peripheral manner. 
Although these chambers appear to be useless in assessing the fibrogenic 


qualities that a dust may be expected to display in a normal environment, 


they probably are of considerable value in the study of fibrogenesis, for the 


- reason that all the tissue is formed de novo. 
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THE EFFECTS OF PAPAIN ON CARTILAGE IN VIVO: FACTORS 
INFLUENCING THE DISTRIBUTION OF PAPAIN PROTEASE 
FOLLOWING INTRAVENOUS INJECTION* 


J. L. Potter, R. T. McCluskey, G. Weissmann, L. Thomas 


Departments of Pathology and of Medicine, New York University College of Medicine, 
New York, N.Y. 


The Effects of Papain on Cartilage in Vivo 


It has been shown that widespread depletion of cartilage matrix can be 
produced in young rabbits by the intravenous injection of the water-soluble 
components of crude papaya latex! Within a few hours after the injection, 
the effect on cartilage is evinced by drooping of the rabbits’ ears, which results 
from a loss of the normal rigidity of the supporting cartilaginous plates. In 
this and in all other cartilage examined, including laryngeal, tracheal, costal, 


_ articular, and epiphyseal, histological changes appear within a few hours and 
- reach a maximum within 24 hours. The normal basophilic and metachromatic 


staining properties of the matrix are lost, and the intercellular substance is 
reduced in amount.!? 

In the cartilage plates of the ears, normal rigidity is recovered within a few 
days, but recovery of the normal histological appearance of cartilage through- 
out the body may take 3 weeks. Reconstitution of the matrix is largely pre- 
vented by the administration of cortisone, hydrocortisone, or prednisolone, 


apparently because of a direct local action of the steroids on cartilage. 


It has been shown that this effect of crude papain on cartilage is associated 
with the release of large amounts of chondroitin sulfate into the circulation.*»® 
In all probability the changes are produced by a direct enzymatic breakdown 


_of chondromucoprotein in the matrix. 


The purified crystalline protease from crude papain has been found to pro- 


- duce similar gross and histological changes in cartilage im vivo when injected 
_ intravenously.* However, this effect is seen only when the enzyme is inacti- 


vated by oxidation (dialysis) prior to injection. If injected in the fully active, 
reduced form, crystalline papain has little or no effect on cartilage im vivo. On 


_ the other hand, isolated plates of cartilage are depleted rapidly when exposed 


_ in vitro to the fully active enzyme. 


To explain this anomaly, it was postulated that the failure of active crystal- 
line papain to produce depletion of cartilage im vivo resulted from a prompt 


interaction, following injection, with material in the circulation that prevented 


entry of the enzyme into cartilage; inactive papain, on the other hand, re- 
mained free to diffuse into cartilage, where it was activated and produced 


depletion of the matrix. 


This hypothesis was strengthened by the observation that ear cartilage 
removed from rabbits 15 min. after an intravenous injection of inactive crys- 
talline papain and incubated at 37° C. in phosphate buffer showed progressive 


* The investigation reported in this paper was supported in part by Research Grants 
A-1395 from the National Institute of Arthritis and Metabolic Diseases and H-2022 from the 


s National Heart Institute, Public Health Service, Bethesda, Md., and by a grant from the 


John Polachek Foundation for Medical Research, New York, N. Y. 
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depletion of the matrix; this effect was prevented by addition of thiol antago- 
nists to the buffer solution. In cartilage removed 15 min. after an injection 
of active crystalline papain the matrix remained intact throughout subsequent 
incubation in buffer alone or in buffer containing cysteine.® These observa- 
tions are strong evidence that papain is taken up by cartilage and is responsi- 
ble for the changes observed there. 

In the present report, evidence is presented showing that depletion of carti- 
lage matrix in vivo produced by the injection of inactive papain protease is 
accompanied by the release of chondoitin sulfate into the circulation and that 
no such release occurs after injection of the fully active enzyme. Additional 
evidence is offered in support of the hypothesis that the failure of active papain 
to produce in vivo changes in cartilage results from interaction with material 
in the circulation, and an account is given of preliminary observations on the 
distribution of papain in vivo and factors in serum that influence this distribu- 
tion. 


Turbidimetric Determination of Chondroitin Sulfate in Rabbit Serum Following 
Administration of Crystalline Papain 


In the following experiments, the concentration of chondroitin sulfate in 
serum was measured by a turbidimetric procedure using the trivalent cation 
hexammine cobaltic chloride, which in media of low ionic strength combines 
with anionic materials such as chondroitin sulfate to form insoluble complexes. 
It has been shown that the resulting increase in turbidity is proportional to 
the concentration of chondroitin sulfate added im vitro. The details of the 
method, together with data on its specificity and limitations, have been re- 
ported elsewhere.’ 

Albino rabbits weighing 800 to 1000 gm. were given intravenous injections 
of either active or inactive crystalline papain, or given no injection, and were 
bled by cardiac puncture immediately and again at intervals in the following 
24 hours to provide serum for determination of chondroitin sulfate. 

The crystalline papain* was supplied as a solution containing 20 mg./ml. in 
phosphate buffer with 0.03 M cysteine. After dilution, this was dialyzed for 
24 hours at 4° C. with a two hundredfold volume of phosphate buffer. This 
resulted in removal of excess cysteine and in almost complete inactivation of 
the enzyme, presumably by oxidation to the disulfide form, as measured by 
sr of benzoyl-1-arganinamide according to the method of Davis and 

mith. 

Aliquots of this material were then either (1) mixed with an equal volume 
of 0.01 M cysteine HCl in phosphate buffer and incubated at 37° C. for 15 
min. prior to injection (active reduced papain) or (2) mixed with an equal 
volume of buffer alone and incubated at 37° C. for 15 min. prior to injection 
(inactive oxidized papain). 

All injections consisted of 5 mg. of the protease in a volume of 1 to 2 ml 
and were given by ear vein. ‘ 

ee from these experiments are collected in TABLE 1. It was found that a 
marked increase in serum i ipi i 
curred during the 24-hour a aie . Beira apes ene a 

jection of inactive crystalline pa- 


* Obtained from Nutritional Biochemicals Corporation, Cleveland, Ohio. 
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pain. Little or no increase occurred in the amount of cobalt-precipitable 
material in the serum of uninjected rabbits or of rabbits given active crystal- 
line papain. This constitutes further evidence that fully active crystalline 
papain has little or no effect upon cartilage im vivo following intravenous in- 
jection. 


Depletion of Cartilage Matrix by Papain in Vitro 
Isolated plates of rabbit ear cartilage undergo rapid depletion of the matrix 
on incubation at 37° C. in solutions containing crystalline papain. In the 


TABLE 1 
Errect oF ACTIVE AND INACTIVE CRYSTALLINE PAPAIN 1v VIVO 


ate . Chond.sulf. equiva- 

Preparation injected besche Dr coping cs ears el e serum at 24 
Inactive crystalline papain, 5 mg. 40 + to +++4-4+ 2.0 to 6.0 
Active crystalline papain, 5 mg. 16 — to + OOM tomigS 
Nil 21 — to + 0.0 to 0.1 


* Concentration of bovine nasal chondroitin sulfate in normal rabbit serum giving same 
turbidity with hexammine cobaltic chloride. 


TABLE 2 
EFFECT OF ACTIVE CRYSTALLINE PAPAIN ON CARTILAGE 1N VITRO 


Changes in cartilage after 4 hours at 37° C. 
ee cdane ( of papain in 
medium ./ml. 3 
a Gross softening Histological depletion end a ieveranal 

10 fe + 60 
8 +e ++ 
6 =F 

4 ae + 25 

2 ae Sk 
1 et Se 

0.5 es = i 
0.2 = = 

Nil - — 1 


* Volume of medium = 40 ml., containing cysteine 0.005 M and Versene 0.001 M. | 
+ Concentration of bovine nasal chondroitin sulfate giving same turbidity with hexammine 


_ cobaltic chloride. 


following experiments this effect of papain was studied further by using a 
range of concentrations of the enzyme to determine the minimal effective con- 
~ centration. 

_ The skin and connective tissues were stripped from ear cartilage plates 
_ freshly removed from 800-gm. rabbits. The plates were immersed for 4 hours 
in 40 ml. phosphate buffer containing 0.005 M cysteine and crystalline papain 
in concentrations ranging from 0.2 to 10.0 ug./ml. The plates then were 
~ examined for loss of rigidity, and sections were obtained for histological study. 
- Aliquots of the media were analyzed for cobalt-precipitable material. 

__ It was found that as little as 2 yg./ml. of crystalline papain produced a de- 
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tectable loss of rigidity; unequivocal histological changes were present in carti- 
lage incubated in concentrations of papain of 6 yg./ml. or greater (TABLE 2). 
According to measurements of increased turbidity produced by addition of 
hexammine cobaltic chloride to dialyzed diluted aliquots of the media, the 


EAR CARTILAGE 
PLATE FROM 
NORMAL RABBIT 


INACTIVE 
PAPAIN IN 
SERUM 


ACTIVE 
PAPAIN IN 


INACTIVE TYRODE'S 
SERUM 


PAPAIN IN SOLUTION 
TYRODE'S WITHOUT 
SOLUTION PAPAIN 


t 5 t 

INCUBATE FOR 20MIN. AT 37°C. . 

| l i 
i piste AND WASH [our ate ; 
a 


pasar FOR 4HOURS AT 37°C. IN 20ML. TYRODES 


t ’ I 
SOLUTION CONTAINING CYSTEINE AND VERSENE 


v v v 


DEPLETION OF MATRIX: 


+ tect te ++4++ + 


» Fe stereo = normal rabbit serum on entry of papain protease into cartilage 

Shee Von. gh a = 100 yg./ml.; concentration of cysteine = 0.005 M; 

ere nee ene = 0,001 M In each comparison of the effects of acti di 
papain, the two plates of cartilage used were obtained from one rabbit ; an 
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material so precipitated would represent approximately 2.4 mg. of chondroitin 
sulfate released from the cartilage incubated in medium containing 10 ug. 
papain per milliliter. This estimate is based, of course, on the assumption 
that all the precipitable material is chondroitin sulfate; however, some protein 
may be included. 

For a reproduction in vitro of conditions in vivo, the procedure shown sche- 
matically in FIGURE 1 was devised. Isolated plates of cartilage, prepared as 
described above, were immersed for 20 min. at 37° C. in 1 of 4 solutions (r1c- 
uRE 1). The papain had been mixed with the prewarmed serum or Tyrode’s 
solution just before the plates of cartilage were inserted. After incubation 
in these mixtures, the plates were washed and transferred to tubes containing 
20 ml. Tyrode’s solution with 0.005 M cysteine and 0.001 M Versene, and in- 
cubated for 4 hours at 37° C. 


TABLE 3 


Errect oF Normat RABBIT SERUM ON ENTRY OF ACTIVE AND 
INACTIVE PAPAIN INTO CARTILAGE 1N VITRO 


Changes after washing and incubating for 4 hours at 37° C. 
in 20 ml, Tyrode’s solution with 0.005 M cysteine and 
0.001 M Versene 
Medium used in initial 20-min. incubation at 37° C. 
Chond. sulf. 
Loss of rigidity |Depletion of matrix eouivaleut in 
(mg./ml.) 
~ Inactive papain in Tyrode’s solution +++ ++++ 1.0 
_ Active papain in Tyrode’s solution ease See ale i 2S 
Inactive papain in serum +++ Sesto 1.0 
- Active papain in serum + + 0.45 
Tyrode’s solution only SS = 0.02 
Serum only 35 = 0.01 


. * Concentration of bovine nasal chondroitin sulfate giving same turbidity with hexammine 
- cobaltic chloride. 


At this stage the plates of cartilage initially exposed to either active or in- 
active papain in Tyrode’s solution showed approximately equal loss of rigidity, 
~ histological depletion of matrix, and release of chondroitin sulfate, as measured 
_ by the amount of cobalt-precipitable material in the medium (TABLE 3). 

The plate initially exposed to inactive papain in serum showed similar loss 

of rigidity and depletion of matrix after 4 hours’ incubation in Tyrode’s solu- 
‘tion with cysteine, and released into the medium as much cobalt-precipitable 
material as did the plates initially exposed to papain in Tyrode’s solution. 

In contrast, the cartilage initially exposed to fully active papain in serum 
subsequently showed only slight loss of rigidity and histological evidence of 
depletion of matrix (FIGURE 2), and released into the medium substantially 
less cobalt-precipitable material than did the contralateral ear exposed initially 
to inactive papain (TABLE 3). 

In the same experiment 2 additional plates of cartilage were incubated in 
serum or Tyrode’s solution without papain for 20 min., and were then washed 
and incubated in Tyrode’s solution with 0.005 M cysteine for 4 hours at 37° C. 
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At the end of this period they neither showed loss of rigidity or histological 
changes nor released a significant amount of cobalt-precipitable material. 
This experiment, with minor modifications, has been repeated twice with 


essentially the same result. 


hat 


Ficure 2 iets 2 ; til | ; es 

; ‘ gical appearance of cartil i 

sae l ay ilage plates following e in ¢ 

cadik Nd ee of procedure see text and miobee i Tithe cartes =i tes 
in one block to ensure uniform handling during sectioning aad stale 


in . § = ski : ‘ 

ne rom aoa ie of ear plate; C = cartilage plate. In C1 the appearance of 
in C5 the matrix in oni aliokihy and #4 the matrix shows almost complete loss of b hilia; 
wae iuitinlly pete yh ig tly less basophilic than normal. The media in whieh eee ‘tase 
rion oneapa ie ugnated he numbers: Tyrode's saluton 2 Inactive papa 
solution; 5, active papain in norinal rabbit serum. ee Boe 4, active papain in Tyrode’s 
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Rates of Disappearance from the Circulation of Active and Inactive 
Papain Following Intravenous Injection 


In view of the foregoing it was concluded that active and inactive papain 
might differ in their rates of disappearance from the circulation following in- 
travenous injection. This was studied first by using a specific precipitating 
antiserum to papain prepared in rabbits. 

Preliminary tests showed that active and inactive papain were quantita- 
tively similar to antigens in the quantitative precipitin reaction (FIGURE 3). 

Rabbits were given injections of either active or inactive crystalline papain 
in doses ranging from 2 to 5 mg. intravenously, and were bled by cardiac punc- 
ture at intervals of up to 24 hours. The sera obtained were tested with pa- 
pain antisera by double diffusion in agar. By this method it was found that 
the concentration of papain in serum a few minutes after the injection was in 
the range of 40 to 100 wg./ml., and as much as 10 wg./ml. 24 hours later (F1c- 
URE*4). However, no difference was demonstrable between the rates of dis- 
appearance of active and inactive papain. Both preparations were present 
chiefly in the plasma fraction of blood, little or none being present in the 
_ washed cells. Immunoelectrophoresis of serum from papain-treated rabbits 
showed that the enzyme moved electrophoretically with the alphay globulin 
_ fraction, whether injected in the active or the inactive form. 

In view of the possibility that differences in disappearance between active 
and inactive papain might be too small to be detected by immunological tech- 
niques, further studies were made using papain labeled with I. A solution 
of 100 mg. crystalline papain was dialyzed for 24 hours with physiological saline 
to remove excess cysteine and to oxidize the enzymatically active thiol group of 
the molecule. To this was added 1.0 ml. carbonate buffer at pH 10.0, 0.05 
M. A solution of carrier-free I", 2 mc. in 2.0 ml., was added to 1 ml. of KI; 
solution,* and the mixture added to the buffered solution of papain. After 
standing for 20 min. at 4° C., the reaction mixture was transferred to dialysis 
tubing and dialyzed with 4 changes of physiological saline, 1 1., at 4° C. 

This preparation was stored at 4° C.; aliquots used in experiments were 
dialyzed for 18 to 24 hours and, after warming to 37° C., centrifuged for 15 
min. at 2500 rpm to remove trace amounts of insoluble material. 

In vitro tests showed that 80 per cent of the original proteolytic activity 
could be restored following iodination by the addition of cysteine and Versene, 
giving, respectively, 0.005 and 0.001 M concentrations. Solutions of labeled 
papain so treated, or following incubation at 37° C., or following treatment 
with iodoacetamide, contained no significant amount of dialyzable radioactiv- 
ity. This showed that the I’ bound to the enzyme remained attached despite 
the usual activating and inactivating procedures. All of the radioactivity in 
~ solutions of labeled papain was precipitated by a specific antiserum to papain. 
Rabbits weighing approximately 1000 gm. were given injections of labeled 
_ papain, either active or inactive, in doses of either 2 or 4 mg. The rates of 
_ disappearance were similar for both enzyme preparations at both dosage levels, 
- when the serum radioactivity was expressed as a percentage of that found 1 


* 1, 0.123 gm./100 ml., KI 0.157 gm./100 ml. 
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min. after injection of the labeled papain (FIGURE 5). The material precipi- 
tated from samples of these sera by rabbit antipapain serum contained approxi- 
mately 85 per cent of the total radioactivity, and it was evident that any 
difference between the rates of disappearance of active and inactive papain 


ACTIVE PAPAIN O O 


INACTIVE PAPAIN @ @ 


1.2 
ANTI- 
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1.0 


MG. 


0.8 
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FicurE 3. Quantitative precipitin test on rabbit antipapain serum to compare quantita- 


tive behavior of active and inactive papain as antigens. The washed precipitates were re- 
lon was determined from optical 


dissolved in 0.25 M acetic acid. Th : 
density at 280 mu. € protein concentrat 
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_ must be very small indeed, at least after injections in the range of 2 to 4 mg./ 
kg. 

Further studies are in progress to explore the possibility that a difference 
will be more obvious when larger amounts of papain are injected. However, 


FicurE 4. Double diffusion in agar as a method of detecting papain in rabbit serum 
~ following intravenous administration of active and inactive preparations. The Ouchterlony 
- plate was photographed 3 days after the 2 arrays of wells were filled as follows: 
Al, and A4, dialyzed (inactive) papain in saline. 

A2, reduced (active) papain with cysteine in saline. 

A3, iodoacetamide-treated (once) papain in saline. 

A5, iodoacetamide-treated (twice) papain in saline. 

A6, iodoacetamide-treated (twice) papain with cysteine in saline. 

In each case concentration of papain = 100 yg./ml. 

A12 and B 12, rabbit antiserum to crystalline papain. 

B7, dialyzed (inactive) papain, 100 yg./ml. in saline. 

B13, dialyzed (inactive) papain, 100 ug./ml. in normal rabbit serum. 

B8 and B11, serum from 1 kg. of rabbit 10 min. and 90 min. after I.V. injection of 5 mg. 
inactive papain. 

B9 and B10, serum from 1 kg. rabbit 10 min. and 90 min. after I.V. injection of 5 mg. 
~ active papain. 

The single line of identity in A shows that active and inactive papain react in a similar 
- fashion with the same specific antibody. 

In B, the lines between the center well, 12, and the peripheral wells, 8, 9, 10, and 11, demon- 
strate the presence of papain in the serum of 2 rabbits 10 min. and 90 min. after injection of 
active and inactive papain. The distance between the peripheral well and the corresponding 
_ line is a measure of the concentration of papain in that well; in this example, the fall in con- 
centration between 10 and 90 min. following injection of active papain (B8 and 11) is the 
same as that following injection of inactive papain (B9 and 10). 


it also seemed possible that differences exist between active and inactive pa- 
pain in their distribution in serum. 

In 2 rabbits, the radioactivity of ear cartilage was measured. 30 min. after 
injections of I*-labeled papain; it was estimated that the amount of papain 
in cartilage did not exceed 1 ywg./gm. wet weight. This figure is in keeping 
with that estimated on the basis of immunological procedures using extracts 
of cartilage and specific antiserum to papain, which indicated that the concen- 
tration in this tissue was less than 10 yg./gm. of wet cartilage. 
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To explore possible differences in distribution between. _ and ee 
papain in serum, samples from rabbits injected oe Eyaior meee 
i to which papain was added in w re fracti 
en ee is.2 As sh i 6, the distributions 

own in FIGURE 6, 
ated by starch block electrophoresis. Ss RE bei 
i inacti in i essentially similar, whether m 
of active and inactive papain in serum were ess é : 
in vitro or in vivo, most of the radioactivity being present in the fractions cor 
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Ficure 5. Rates of disappearance of I-labeled 
intravenous injection in rabbits, Concentrations at intervals after injection in individual 
rabbits are expressed as percentages of the radioactivity (cpm/ml.) in serum obtained one 
minute after completion of I.V. injection of I-labeled papain. For clarity, only 2 of the 
14 initial (100 per cent) concentrations are shown, 


papain from the circulation following 
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responding to the alpha globulin zones. Papain in saline in parallel electro- 
phoresis on starch had little or no mobility at this pH, and remained at the 
origin. 

Thus it appeared that both active and inactive papain in concentrations 
approximating 50 pg. / ml. were bound to proteins in the alpha globulin region; 
additional studies with more prolonged electrophoresis and the preparation 
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Ficure 6. Distribution of protein and radioactivity in eluates from starch block elec- 
trophoresis of rabbit serum containing I'5Jabeled papain. Upper chart: radioactivity (left, 
ordinate, hatched blocks) and protein concentration (right ordinate, circles) in eluates from 
starch block electrophoresis of rabbit serum to which active or inactive T81Jabeled papain 
was added to give a concentration of 50 yg. /ml.; the mixture was incubated at 37° C. for 30 
min. prior to electrophoresis at pH 8.6. 

Lower chart: electrophoretic distribution of radioactivity and protein in serum obtained 
from rabbits 30 min. after I.V. injection of T'!-labeled papain; the concentration of papain 


was approximately 40 ug./ml. of serum. 
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of a larger number of fractions from the same block showed a peak concentra- 
tion corresponding with the alphaz globulin fractions. ait 

Electrophoresis on starch of 3 fractions of normal serum after addition of 
labeled papain and incubation at 37° C. for 30 min. showed complete binding 
with alpha, globulin, while no papain was bound by gamma globulin and 
only 20 per cent was bound by the albumin fraction. 


Discussion 


Following the intravenous injection into rabbits of inactive crystalline pa- 
pain, widespread depletion of cartilage matrix is seen, accompanied by a 
marked increase in the amount of cobalt-precipitable material, presumed to 
be chondroitin sulfate, in serum. 

The demonstration that no such increase occurs in the amount of cobalt- © 
precipitable material in serum of rabbits following the intravenous injection 
of active crystalline papain constitutes additional evidence that in this form 
the enzyme fails to enter cartilage in vivo. 

The hypothesis that this paradoxical difference is due to the prompt inter- 
action in vivo between active crystalline papain and a factor or factors in the 
circulation that hinder its entry into cartilage has been examined with an in 
vitro model. It has been found that cartilage exposed to inactive papain in 
serum for a short period subsequently shows depletion of its matrix, whereas 
only slight depletion occurs following exposure of cartilage to active papain 
in serum. Since cartilage undergoes a depletion following exposure to ac- 
tive papain in Tyrode’s solution that is equal to or greater than that occur- 
ring following exposure to inactive papain in Tyrode’s solution, it may be con- 
cluded that normal rabbit serum has the property of impairing the entrance 
of active papain into cartilage. The simplest explanation that can be offered 
for this is that the process may be one of enzyme-substrate combination. 

On the basis of these observations it was expected that inactive papain 
would disappear from the circulation more rapidly than active papain. How- 
ever, neither immunological procedures nor studies with I'*-labeled papain 
revealed a consistent difference between active and inactive papain injected 
intravenously in doses of 2 to 4mg./kg. In view of the fact that changes can 
be produced in cartilage in vitro using as little as 2 ug. of papain per milliliter 
of surrounding medium, it is entirely possible that an equivalent amount pass- 
ing into cartilage from the circulation would not appreciably alter its con- 
centration inserum. On the basis of preliminary observations using I'*!-labeled 
papain it appears that, even when a sufficient amount of inactive papain en- 
ters cartilage and produces depletion, the concentration in that tissue is only 
a fraction of that in serum. In other words, papain is not selectively con- 
centrated in cartilage. It is not known why, in spite of this, cartilage is the 
only tissue in which histological changes are regularly demonstrable following 
an intravenous injection of papain. However, it may well be that in cartilage 
alone the breaking of relatively few chemical bonds leads to pronounced struc- 
tural changes. 

; Lad See studies of the distribution of I'*labeled papain in serum 
ollowing tm vireo or im vivo mixing have shown that both active and inactive 
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papain are selectively bound in the region of the alphaz globulin. The rela- 
tionship between this selective binding of papain and the differences in be- 
havior of intravenously administered active and inactive papain is not known, 
but our data do not preclude the possibility that active papain is bound more 
rapidly by this fraction of serum and that with inactive papain a small propor- 
tion passes into cartilage in the first few minutes following injection. Alter- 
natively, both forms of the enzyme may be bound with equal efficiency by this 
fraction of serum, and the changes in cartilage would be the result of the 
passage from the circulation of a portion of inactive papain in excess of the 
amount that may be bound by this fraction, while a similar excess in the case 
of active papain may combine in the circulation through its active site with 
substrates such as albumin. 

The existence in normal serum of a fraction to which papain is selectively 
bound may exemplify a mechanism whereby the tissues are protected against 
injury from potentially harmful enzymes that have entered the circulation. 


Summary 


Depletion of cartilage matrix in vivo following injection of inactive crystal- 
line papain is associated with increased amounts of material in serum that can 
be precipitated by hexammine cobaltic chloride. The intravenous injection 
of active crystalline papain, which does not produce in vivo depletion of carti- 
lage matrix, is not followed by any such increase in the level of chondroitin 
sulfate in serum. 

The depletion of cartilage matrix im vivo by papain is due to a small pro- 
portion of the amount injected intravenously; papain is not concentrated in 
cartilage in vivo. 

Normal rabbit serum impairs the entry of active papain into cartilage in 
vitro, but does not have a comparable effect on the entry of inactive papain 
into cartilage. 

After a single intravenous injection of 2 to 4 mg. of papain no difference 
can be detected in the rates of disappearance from the circulation of papain 
injected in the active or inactive form. 

In serum, papain is bound to protein in the region of the alphag globulin. 
_ This electrophoretic localization was similar for active and inactive papain 

_and was demonstrated following intravenous injection and in vitro mixing. 
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BIOCHEMICAL STUDIES OF CONNECTIVE TISSUE REPAIR* 


David S. Jackson, Dale B. Flickinger, J. Englebert Dunphy 
University of Oregon Medical School, Portland, Ore. 


Wound healing should be regarded as having several closely related com- 
ponent parts, namely, epithelization, vascularization, contraction, connective 
_ tissue repair, and the repair of specialized tissues. The repair of connective 

tissue is the most basic of these and appears to be related in varying degrees 
to the other components of repair. This study is concerned primarily with 
this aspect of wound healing, namely, the formation of granulation tissue. 
Some of the evidence to be presented is drawn from studies of connective tissue 
formation in situations other than in the wound itself such as the carrageenin 
granuloma’? and the implanted polyvinyl sponge.* 

The formation of granulation tissue has been studied extensively by histo- 
_ logical and histochemical methods.“ Several years ago these sequences were 
_ correlated by Dunphy and Udupa’ with biochemical changes in the wound. 
_ On the basis of these studies a “normal pattern’”’ of repair was defined. More 
recent studies in this laboratory and by other workers modify the picture in 
some respects and form the basis of the present report. 


The Amorphous Matrix 


One of the features of connective tissue repair is the early appearance of an 
amorphous matrix that stains metachromatically with methylene blue and 
~ reacts positively to stains regarded as specific for sulfated mucopolysaccharides. 
_ It has been thought that an essential component of this matrix is a rich con- 
- tent of mucopolysaccharides and that this material is required for the precipi- 
tation of collagen.*:? The concentration of hexosamine in healing wounds also 
has been considered supportive evidence of the presence of mucopolysaccha- 
- rides.’ Several bits of other evidence have cast doubt on this view. It is of 
interest that Wolbach, in his important histological studies of repair, inter- 
preted the early wound matrix as one having the staining properties of colla- 
gen.!° Furthermore, some years ago Kodicek and Loewi" pointed out that, 
_ although chondroitin sulfate can be isolated from the granulation tissue of 
healing tendon, the synthesis of this material as measured by the uptake of 
‘sulfate (S?°) does not occur until the ninth day of healing, when collagen for- 
mation is already well advanced. In our early work it was thought that the 
highest concentration of hexosamine in the healing wound was found between 
days 4 and 6, but subsequent observations with the sponge biopsy technique 
indicated that the peak concentration is reached immediately after wounding 
and falls progressively thereafter.2 Grillo et al. made the same observation 
in their studies of contraction. 

* From the Department of Surgery, University of Oregon Medical School, Portland, Ore., 


the Department of Surgery, Harvard Medical School, Boston, Mass., and the Sears Surgical 
Laboratory, Boston City Hospital, Boston, Mass. j 

The investigation reported in this paper was supported in part by Research Grants RG- 
6483 (formerly RG-3949) from the National Institutes of Health and A-3563 (formerly A-1867) 
from the National Institute of Arthritis and Metabolic Diseases, Public Health Service, 


Bethesda, Md. 
943 


944 Annals New York Academy of Sciences 


In an effort to clarify this matter, the authors have investigated the occur- 
rence of chondroitin sulfate in granulation tissue during the healing of open 
and closed wounds. The distribution of bound hexosamine in the exudate 
obtained by the sponge biopsy technique from closed wounds also was meas- 
ured. 


Studies of the Wound Matrix by the Sponge Biopsy Technique 


These studies were carried out on young albino male rats maintained on a 
standard diet. In one group of 24 animals, 10 Ivalon sponges were implanted 
subcutaneously, as previously described.’ The sponges were harvested at 8 
days, pooled, weighed, and divided into 2 portions. 

Portion A. The sponges were homogenized and incubated with activated 
papain for 24 to 48 hours at 60° C. The digest was filtered through Hyflo- 
Super-Cel* and dialyzed against frequent changes of distilled water, and 
chondroitin sulfate was isolated with the use of cetyl pyridium chloride.” 


TABLE 1 
Hexosamine Total hexosamine Nitrogen Hexosamine/ 
0) (mg.) nitrogen ratio 
Whole sponge 21.69* — Sail 0.09 
Chondro. sulf. 0.48 De2 —_ -— 
Saline extract 17.36 80.0 175.6 0.10 
Serum 0.093 — 0.86 0.09} 


* Mean of 12 sponges, each analyzed separately. 
+ Mean of 12 determinations on 0.1 ml. 


The fraction precipitating between 0.5 and 0.9 M NazSO, was accepted as a 
polysaccharide. 

Portion B. The sponges were homogenized in ice-cold 0.14 N NaCl and 
extracted in the cold exhaustively with the same solution. The extract was 
dialyzed, and the acid mucopolysaccharide was precipitated by the addition 
of cetyl pyridium chloride and then removed by centrifugation. The soluble 
serum-type proteins remained in the solution. 

Hexosamine determinations were made on the isolated fractions by the 
method of Blix,’ and nitrogen determinations were carried out on some of 
the fractions. Hexosamine-nitrogen ratios were also determined on samples 
of serum obtained just before the animals were sacrificed. 

The results are tabulated in TABLE 1. Very little chondroitin sulfate was 
present in this tissue. Most of the bound hexosamine appeared to be associ- 
ated with the extracted proteins. Moreover, the hexosamine nitrogen ratio 
of the unextracted sponges was almost identical with the ratio obtained in 
serum, indicating that the hexosamine was derived largely from serum muco- 
proteins. This finding is in accord with that of Noble and Boucek,!® who 
found that galactosamine, the amino sugar associated with chondroitin sulfate 
is not present in implanted sponges until the ninth day. 


* Johns-Manville Co., New York, N. Y. 
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Studies of the Open Granulating Wound 


Two circular patches of skin 3 cm. in diameter were removed from the back 
of each animal, and granulation tissue was allowed to form. The animals 
were divided into 6 groups of 30 each; they were sacrificed on days 6, 8, 9, 10, 
12, and 15 after wounding. The scar was removed carefully and the granula- 
tion tissue dissected out carefully. The tissue was pooled and weighed. In 
view of the apparent importance of marginal tissue in the phenomena of con- 
traction,” a narrow band of tissue 0.5 cm. in width was dissected from around 
the margin of the wound. Samples of skin from an unwounded area were also 
obtained. Chondroitin sulfate was isolated from these tissues by the tech- 
nique referred to earlier.” 

The results are shown in TABLE 2. The concentration of chondroitin sul- 
fate in the open-wound tissue was always lower than that found in the skin. 
This was true throughout the entire period of the experiment. The concen- 


TABLE 2 
CONCENTRATION OF CHONDROITIN SULFATE IN GRANULATION TISSUE 
In Milligrams per Gram Wet Weight 


Skin Margin Granulation 
No. animals Day 

Wi Wi * * 

ere | Ce ee Mire eal CBS lp Oeeuy | CSA, 
30 6 28.5 0.66 31.3 0.44 13.6 0.23 
22 8 29.3 0.60 25.0 0.39 15.9 0.16 
28 9 26.5 0.71 20.4 0.42 14.8 0.20 
22 10 16.1 0.73 17.6 0.45 V3 34) 0.28 
30 12 25.0 0.63 12.4 0.48 4.2 0.30 
30 15 21.9 0.71 9.6 0.40 4.8 0.29 


x Chondroitin sulfate. 


tration in the wound was fairly constant, although the values for the marginal 


tissue were somewhat higher than for the central granulation tissue itself. 
Insufficient material was available to identify the exact nature of the muco- 
polysaccharide extracted. Only chondroitin A, B, C or, possibly, keratosul- 
fate would be expected to precipitate with cetylpyridinium chloride under 
the conditions used. It appears that in both instances of connective tissue 
formation most of the hexosamine is associated with serum mucoproteins in 


the wound exudate rather than with mucopolysaccharides. 


From these observations it seems unlikely that a high concentration of mu- 
copolysaccharides is an essential feature of collagen formation in the healing 


~ wound. 


Collagen Formation 


Biochemical studies of fibrogenesis largely confirm the histological picture, 


3 although the mechanism is seen more clearly. Collagen may be detected 


chemically as early as the third day after wounding, a time when no fibers are _ 
visible histologically. The biosynthesis of collagen by the fibroblast and the 
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nature of the subsequent collagen molecule have been the subject of two 
recent studies.!°"7 Briefly, it appears that the fibroblast synthesizes the colla- 
gen molecule and then secretes it into the extracellular space. The first fibers 
probably are formed at the surface of the fibroblast. ‘The fibers then increase 
in length and diameter by accretion of collagen molecules from the extracellu- 
lar space. As the process continues, the constituent molecules of the fiber 
become aggregated more firmly as their resistance to extraction increases. By 
the time argyrophil fibers are visible histologically, an acid buffer is required 
to break up the fiber complex. With increasing maturation, the fibers become 
insoluble in aqueous solution and can be extracted only by the process of 
gelatinization. At this stage they appear as mature collagen fibers when 
stained by van Gieson’s method. The concentration of collagen and the 
nature of the collagen molecule seem to parallel rather closely the increase in 
tensile strength of the wound.® 


Inflammation and Granulation Tissue 


There is evidence of a direct relationship between the acute inflammatory 
response and the subsequent reparative process. The studies of Selye’® 
demonstrate a specific relation between the severity and nature of an inflam- 
matory stimulus and the subsequent healing process. Although the inflamma- 
tory process has been studied extensively by Menkin,?° very few sequential 
biochemical studies of this relationship have been made. In this connection 
it is of particular interest that the administration of bacterial pyrogens has 
been described as having a favorable influence on wound healing. Meier* 
has reported that cotton pledgets soaked in solutions of bacterial pyrogens 
evoke an increased production of granulation tissue. The effects of systemi- 
cally administered bacterial polysaccharides on the formation of granulation 
tissue have been the subject of extensive study in this laboratory during the 
past year. Insufficient information is available at this time to draw any firm 
conclusions. As in other studies of the actions of bacterial pyrogens, there 
appear to be important dose-time relationships. Repeated large doses of 
bacterial polysaccharides seem to depress, whereas single doses given prior to 
wounding seem to stimulate the production of collagen. Optimal time-dose 
relationships thus far have not been established, but these studies indicate 
that this type of experimental model offers a very promising approach to a 


study of the relationship between inflammatory response to injury and subse- 
quent fibroplasia. 


Summary 


' The correlation of biochemical with histological and histochemical observa- 
tions has provided a new perspective of the healing wound. It has been 
thought until recently that in the early stages of repair there is a high con- 
centration of mucopolysaccharides in the wound matrix. More recent studies 
indicate that this is not the case. Most of the hexosamine in the wound ma- 
trix appears to be associated with serum mucoproteins. The significance of 
these observations and their relation to the current concepts of collagen for- 
mation have been reviewed briefly. Attention is called to a direct relation 


ww 
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between the initial inflammatory response and the reparative process. This 
is an important area for investigation by biochemical methods. 
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CELLULAR SOURCES OF ANTIBODY: A REVIEW OF 
CURRENT LITERATURE* 


T. N. Harris and Susanna Harris 


The Children’s Hospital of Philadelphia and the Department of Pediatrics, School of Medicine, 
HOPE 4 Meee of Pennsylvania, Philadelphia, Pa. 


The complex problems involved in studying the cellular sources of anti- 
body have given rise to a wide literature on this subject, including studies in 
many experimental situations, made by using a variety of techniques. Data 
in this area were reviewed a few years ago by McMaster’ and by us.?_ In our 
review it was indicated that, following the experimental demonstration made 
by McMaster and his colleagues in 1935*-* of extractable antibody in lymph 
nodes, research on the cellular sources of antibody had been centered largely 
on the lymphatic system and that, within that system, these investigations 
had involved, in general, studies of the plasmacytic or lymphocytic series of 
cells by the following experimental approaches: correlations of cytological 
observations of appropriate tissues with the concentration of antibody in the 
serum or in extracts of the tissue examined; extraction of antibody from lymph 
cells; release or production of antibody in vitro by fragments of lymphatic 
organs from animals injected with antigen; aggregation of bacterial cells around 
tissue cells involved in antibody formation; histochemical staining for nucleic 
acids in lymph nodes involved in antibody formation; histochemical staining 
for antibody by use of the fluorescein-antibody technique; and, finally, the 
transfer to homologous animals of cells of lymphatic tissue. 

Recent studies on the cellular basis of antibody formation have involved 
the continued use of some of the experimental approaches referred to above, 
as well as the introduction of new techniques. The studies to be reviewed 
below may be divided into the following groups: 

(1) Studies in situ of antibody-forming lymphatic tissues, including (a) 
histochemical staining for localization of ribonucleic acid and (b) staining of 
lymphatic tissue with fluorescein-conjugated antibody, either antibody ho- 
mologous to an antigen injected into the experimental animal or antibody to 
gamma globulin of the species. 

(2) Studies of antibody-forming cells removed from the animal body, in- 
cluding (a) transfer of such cells to homologous recipient animals; (6) main- 
tenance of such cells in vitro for study of antibody production; and (c) observa- 
tions of antibody production by single cells. 


Studies in Situ of Antibody-Forming Lymphatic Tissue 


HISTOCHEMICAL STAINING FOR LOCALIZATION OF RIBONUCLEIC ACID 


Earlier reports resulting from the applications of this technique by Ehrich 
el al. and by Harris and Harris® were in agreement with respect to the changes 
in ribonucleic acid (RNA) that could be extracted from antibody-forming 
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popliteal lymph nodes, but not with respect to the major localization of RNA 
in the cells of the node. In the report of Ehrich et al.,> the major accumula- 
tions of RNA were found in plasma cells of the medulla whereas, in the study 
of Harris and Harris,® directed chiefly at changes in the germinal centers of the 
cortex, early accumulations of RNA were found in the transitional forms be- 
tween the reticulum cells and early members of the lymphocytic series. 

Subsequently, Tanaka,’ in experiments on rabbits with popliteal lymph 
nodes draining the site of an injection of cellular antigen, found RNA from 
the third day after the injection of antigen, most prominently in plasmablasts. 
These cells, large and with large and lightly stained nuclei, were identified by 
the finding of intermediary forms between them and the mature plasma cells. 
Makinodan et al.§ studied the spleens of chickens that had been given a single 
injection of bovine serum albumin (BSA). They found a decrease in the 
population of cells of the lymphocytic series throughout the spleen in the first 
few days after the injection of the antigen, and an increase in the number of 
proplasmacytes to a maximum on the fourth day. The RNA content of the 
spleen showed only a slight increase, but this reached its peak also on the 
fourth day. 

More recently, LaVia et al.° and Wissler et al.!° studied the cellular changes 
in the spleen of the rat following a single intravenous injection of bacterial 
antigen, Salmonella typhi. The spleen began to increase in size on the second 
day, with marked mitotic activity in the red pulp. In sections stained with 


- methyl green and pyronine, to localize deoxyribonucleic acid (DNA) and 


RNA, respectively, the number of pyronine-stained cells reached a maximum 
on the fourth day. The majority of these pyroninophilic cells appeared to 
have become transformed by the sixth day into small dark cells containing 
little cytoplasm and resembling small lymphocytes. These disappeared rapidly 
from the spleen, probably entering the blood stream. Few of the pyronino- 
philic cells were converted into mature plasma cells (far fewer than have been 
reported in similar situations in the rabbit). 

Ward e¢ al. studied the histological reaction of the spleen in rabbits in- 
jected intravenously with bovine gamma globulin (BGG). They were able 
to circumvent the difficulty inherent in the slight immunological response of 
the rabbit to primary injection of protein by injecting simultaneously Esch- 
erichia coli endotoxin, which enhanced the production of antibody in the ani- 
mals by a factor of about 5. The intensity of the histological reaction in the 
spleen of the rabbits was also increased by the injection of the endotoxin, with- 
out the introduction of any changes qualitatively different from those found in 
rabbits injected with the antigen alone. 

In the spleens of these animals the lymphocytic follicles were slightly in- 
creased in size after 4 days, with an obvious increase in central reticular areas 
at the expense of the surrounding lymphocytic layers. Mitotic figures were 
increased in number in the central reticular areas of the white pulp, with marked 
increase in the number of the large reticular cells that contained bands of 
pyroninophilic cytoplasm. The degree of these changes increased up to the 
eighth day, at which time the white pulp was greatly enlarged and the lympho- 
cytic follicles were increased in numbers and were at least 5 times larger than 
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those in the control animals. The red pulp was more cellular than that in 
control animals, but showed no increase in mitotic figures. In the red pulp 
were found small clusters of cells similar to the modified (pyroninophilic) 
reticular cells of the white pulp. There was no increase in the number of recog- 
nizable plasma cells in these animals. 

In a subsequent study” Ward et al. examined the spleens of rabbits given 
second injections of BGG, 6 weeks after the first. The serum concentration 
of anti-BGG rose quite suddenly to a peak level by the fourth day, and was 
maintained there until the tenth day. The size of the follicles of the spleen, as 
well as the numbers of mitotic figures and pyroninophilic modified reticular 
cells within these follicles, was found to be roughly proportional to the antibody 
titer. An increase in the red pulp also was seen on days 1 and 2, the medullary 
cords being composed chiefly of mature medium-sized lymphocytes similar to 
those seen in the mantle layer of the follicles. A nonpyroninophilic cell possess- 
ing a clear vesicular nucleus with little cytoplasm was also observed. Plasma 
cells appeared in the red pulp of these spleens on the tenth day. 


EXAMINATION OF LYMPHATIC TISSUE WITH 
FLUORESCEIN-ANTIBODY CONJUGATES 


Localization of Antibody to Injected Antigen 


In this experimental approach, application was made of the method described 
by Coons e¢ al.* for localization of antigens in tissues by “staining” frozen 
sections with a solution of fluorescein-conjugated antibody. In applying this 
technique to the localization of antibody in tissues, it was necessary to carry 
out a sequence of two reactions: first, incubating the tissue section with a 
solution of the antigen and, second, after thus allowing combination of this 
antigen with antibody in the tissue cells, ‘‘staining” with the fluorescein- 
conjugated antibody, which by a second antigen-antibody interaction was to 
bring the fluorescent marker to sites where the antigen had been bound by 
antibody in the tissues. In the original applications of this method to the 
study of antibody formation, Coons and his colleagues found, in animals that 
had received two or more injections of antigen, groups of fluorescein-stained 
cells in the red pulp of the spleen (following intravenous injection)“ or in 
medullary cords of popliteal lymph nodes (after foot pad injection). These 
groups of cells were identified as plasma cells by cytological study of the sec- 
tions of adjacent tissue. Fluorescence of substantially lower intensity was 
observed occasionally in cells of the lymphoid follicles. In lymph nodes drain- 
ing the site of a single injection of antigen, cells showing fluorescence appeared 
on the fourth day and were relatively rare, there being typically 10 to 20 such 
cells in a whole section. These were large cells with thin rims of faintly or 
moderately bright fluorescent cytoplasm scattered singly in the medullary 
areas near the edges of the follicles or in the medullary cords. On the sixth 
2 eighth day aes number of cells showing fluorescence had increased to about 

or more and were mature, some of ing i i 
cells under the fluorescence Seu ty Sa test a ete 


In the following study of this series, White ef a/.° injected protein antigens 
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into the feet of rabbits in a form that would enhance the antibody response. 
Following the injection of alum-precipitated diphtheria toxoid or ovalbumin, 
the draining popliteal lymph nodes were examined for antibody-containing 
cells by the fluorescein-antibody technique, referred to above. More fluo- 
rescein-stained cells were found in these lymph nodes than in those that were 
draining sites of injection of protein antigens in solution (200 to 400 isolated 
cells in the whole section, with 5 to 10 cell diameters between stained cells). 
Such cells were found in the medullary cords on the 7th day and were identified 
as hemocytoblasts (plasmablasts) or immature or mature plasma cells. No 
fluorescein-stained cells were found in the cortices of these lymph nodes. 
Askonas and White” applied the fluorescein-antibody-staining technique to 
the problem of antibody formation in fragments of lymph nodes incubated 
in vitro. In this study guinea pigs were injected in the foot with ovalbumin 
prepared with oil adjuvant. Fragments of lymph nodes obtained from such 
animals 3 weeks later were found to be able to incorporate C-labeled glycine 
into antiovalbumin in a 4-hour period of in vitro incubation. The degree of 
such incorporation was found to correlate well with the number of antioval- 
bumin-containing plasma cells in the medullary cords of the nodes used for 
explantation, as judged by the localization of the fluorescein-antibody. 


Localization of Gamma Globulin in Lymphatic Tissue 


Ortega and Mellors'’ approached the problem of the possible sites of synthesis 
of antibody in lymphatic tissues by seeking sites of synthesis of gamma globulin 
with the use of the fluorescein-antibody technique. Thus in this case fluorescein 
was conjugated not with antibody against an antigen injected into the tissues, 
but rather with antibody to gamma globulin of the species under investigation. 
Using fluorescein-conjugated antihuman gamma globulin, these authors studied 
several human lymphatic tissues: spleens, lymph nodes, and lymphoid in- 
filtrates. Evidence of synthesis of gamma globulin was found in plasma cells, 
both with and without Russell bodies, most of the fluorescein-stained plasma 
cells being found in the medullary cords of lymph nodes and in the red pulp of 
the spleen. Gamma globulin also was found in the germinal centers of lymph 
nodes and spleens. In virtually all of these centers many of the primitive 
reticular cells and large and medium-sized lymphocytes showed some degree of 
specific fluorescence. These cells, which resembled with conventional stains 
the other medium-sized and large lymphocytes in the germinal centers, but 
were distinguished from them by their fluorescein-staining for human gamma 
globulin, were found in aggregates so characteristic that it was considered they 
might be linked together to function as organized entities; they therefore were 
denoted as intrinsic cells of the germinal centers. The fluorescence staining 
for gamma globulin did not extend to the mantle of mature lymphocytes sur- 
rounding the germinal centers. 

In the data obtained by these two kinds of application of the fluorescein- 
antibody technique two differences may be pointed out. The method involving 
fluorescein conjugated to antibody versus the injected antigen (see section on 
Localization of Injected Antigen, above) has the obvious advantage of speci- 
ficity in that the locus of an antibody per se is identified. On the other hand, 
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the approach of Ortega and Mellors,”* that of seeking sites of synthesis of gamma 
globulin as an indicator of possible sites of synthesis of antibodies, has the 
advantage of greater sensitivity. Since protein antigens are multivalent, 
whereas the corresponding antibodies are divalent, and since the molar-com- 
bining ratio of protein antigen to antibody is less than 1, the experimental 
situation in which the antigen is fixed in the tissues and the antibody is free 
in solution would be more sensitive than its reverse in terms of the amount of 
the tissue-bound reagent necessary for interaction with a given amount of the 
reagent in solution. This favorable combining ratio is the only one involved 
when antigen is being identified in tissue by fluorescein-conjugated antibody. 
In localizing tissue-bound antibody, however, this reaction is preceded by one 
in the opposite direction, with its unfavorable antibody-antigen ratio. 


Studies of Lymph Node Cells Removed from the Animal Body 


TRANSFER OF LymMpH NopE CELLS To HomoLoGcous RECIPIENT ANIMALS 


The experimental approach of lymph node cell transfer, employed originally 
by Chase! for the study of delayed hypersensitivity, has been used widely, 
especially in studying the production of circulating antibody. The consider- 
able literature in this area published before 1955 has been reviewed elsewhere.” 
It comprises studies of the transfer of cells or tissue fragments from donor 
animals injected with an antigen to fresh recipient animals and examination 
of the sera of the latter for the presence of antibody to that antigen. These 
earlier studies had involved several animal species (rabbits, guinea pigs, and 
mice); primary or secondary injections of the antigens into the donor animals; 
various antigens, cellular (bacterial, erythrocyte, or tumor) or soluble proteins 
(bacterial toxins or serum proteins, these always involving multiple injections 
of the donor animals); and, finally, various sources of cells, usually lymph 
nodes or spleens, but occasionally peritoneal exudates, lymph, thymus, etc. 

Since then there has been considerable extension of the technique to studies of 
other animal species, additional antigens, different conditions of transfer and, 
especially, to the study of special problems in antibody formation. 

Working with bacterial antigens, Roberts’ gave multiple intraperitoneal 
injections of S. typhi to rabbits and then transferred fragments of the omentum 
of these animals by intraperitoneal injection to recipient rabbits, in the sera 
of which agglutinins to S. typhi appeared subsequently. The omenta of the 
donor rabbits were found to contain numerous plasma cells. Mitchison?! 
transferred to young chickens the cells of spleen and bone marrow obtained 
from cocks that had been given repeated intravenous injections of rabbit 
erythrocytes. Antibody appeared in the sera of the recipients after transfer 
of splenic cells, but not after bone marrow transfer. | 

An area of special interest in the work with bacterial antigens is that of the 
transfer of lymph node cells incubated in vitro with the antigenic material. 
This had been demonstrated by Harris et al.,”*> who obtained lymph node 
cells from uninjected rabbits, incubated these in vitro with suspensions of 
whole Shigella paradysenteriae, washed the cells, and transferred these to ir- 


radiated recipient rabbits. Agglutinins to the Shigell 
in the sera of the recipients. gella appeared subsequently 
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The effective transfer of cells incubated in vitro with the source of antigenic 
material has been reported also in a number of other studies. Sterzl® incubated 
rabbit spleen cells with suspensions of Salmonella paratyphi and then trans- 
ferred the mixture to young rabbits. Agglutinins to the bacterial cells ap- 
peared later in the sera of the recipients. Subsequently, he was able to demon- 
strate an analagous effect with suspensions of Brucella as the source of antigenic 
material.*® Parallel observations were made by Trnka,* who used hen spleen 
cells with S. paratyphi and Brucella, and young chicks as the recipients, and 
by Holub,” who incubated rabbit lymph cells with the same antigens for trans- 
fer to newborn rabbits. Finally, Nossal?8 incubated splenic cells of mice and 
rats with flagellar suspensions from Salmonella and, on transfer of these, was 
able to find homologous agglutinins in the sera of recipient animals, if these 
were 1 week of age or older. 

In further work with Shigella, Harris et al.?° found that when rabbit lymph 
node cells were incubated with cell-free filtrates of trypsin-treated suspensions 
of Shigella and transferred to irradiated recipient rabbits, agglutinins to Shigella 
appeared in the sera of the rabbits. Dialysates of such filtrates also were 
found to contain a form of the antigen effective in in vitro incubation with 
lymph node cells.*° By using these soluble forms of the antigenic material, it 
was possible to show” that this antigen was taken up by the cells within 5 
min. of incubation at 37°C. and that during this incubation the uptake of 
very small amounts of the antigen (approximately 10-7 mg./2 X 108 cells) was 


sufficient for the subsequent attainment of maximal agglutinin levels in the 


sera of the recipients.* 

Investigators working with protein antigens have been able to demonstrate 
the cell transfer effect with cells obtained from donor animals injected 2 or 
more times with the antigen, but less regularly and with substantially lower 
levels of antibody in the case of cells from donors given single injections of the 
antigen. Taliaferro and Talmage® transferred splenic cells obtained from 
donor rabbits 3 days after a secondary injection of these animals with BSA. 
On the second day after transfer of the spleen mince the antialbumin content 
of the sera of recipient animals was in the range of 2 to 26 wg. of antibody N 
per milliliter. In this study, radioactive labeling of the antibody was carried 
out by the administration of S*-labeled amino acids to donor or recipient 
animals. When splenic cells were transferred from S**-labeled donors to un- 
labeled recipients, the antibody in the latter showed very low specific radio- 
activity. On the other hand, the transfer of cells from unlabeled donors to 
labeled recipients resulted in substantially higher specific radioactivity of the 
antibody. These data indicated that almost all of the sulfur-containing amino 
acids present in the antibody were incorporated during the time of rising anti- 
body concentration and not during the induction period. Stavitsky* was able 
to show also that the antibody found in recipients of lymph node cells from 
donors secondarily injected with protein antigens was synthesized from free 
amino acids of the recipients’ tissues. Stavitsky** and Stavitsky et al. also 
studied the production of antibody in recipients of preparations of lymphatic 
tissue from donor rabbits or rats secondarily injected with protein antigens 
(diphtheria toxoid, BGG) or from donor animals given only primary injections 
of antigen, the cells in the latter case being allowed a second contact with the 


954 Annals New York Academy of Sciences 


antigen in vitro or in the recipients’ tissues. In this case (lymph node cells 
from donors injected once with the protein antigens) it was necessary to inject 
into the recipient animal both antigen and cells in order to cause production 
f antibody. 

; saeanealy lower levels of antiprotein antibodies have been demonstrated 
in recipients of cells from donors given only a primary injection of antigen. 
Sibal and Olson*® injected BSA intravenously into hens and, two days there- 
after, excised the spleens and obtained cell suspensions that were transplanted 
to the chorioallantoic membrane of embryonated eggs. The transplants were 
removed after 4 to 7 days of incubation, and extracts of these were found to 
contain low titers of antibody to BSA, as indicated by adsorption-hemagglutina- 
tion tests. In experiments with guinea pigs, Rosenberg et al.*® gave donor 
animals single intravenous injections of pooled human serum and hen egg 
albumin and removed the spleen and lymph nodes at various intervals there- 
after. Cells obtained from these tissues were injected intradermally into 
recipient guinea pigs. Evidence of the development of antibody in the re- 
cipient was obtained by positive passive cutaneous anaphylaxis 24 hours or 
more after transfer. 

Weigle and Dixon” found that they could obtain a primary response to BGG 
only when they transferred normal lymphoid cells to rabbits that had been 
made “tolerant” to BGG by large injections of the protein soon after birth, 
but not in ordinary adult irradiated rabbits (in this type of experiment both 
lymph node cells and antigen were injected into the recipient animal). Al- 
though 8 of 15 such “tolerant” rabbits gave an indication of primary response 
by antigen clearance, only 2 had significant amounts of antibody to BGG on 
quantitative precipitin analysis of their sera. 

In the case of lymph node cells incubated in vitro with protein antigens, an 
important obstacle to obtaining a cell transfer effect may lie in the fact that 
the primary antibody response to protein antigens is considerably slower than 
that to many cellular antigens, especially those of bacterial cells. This may 
be of decisive importance since, as indicated below, there is evidence that the 
transfer of lymph node cells in a genetically heterogeneous population gives 
rise to a homograft reaction and, as a result, the transferred cells may be 
injured, in the case of the slower primary response to protein antigens, before 
there is time for antibody to appear. In an ingenious approach to circumvent- 
ing such a difficulty, Trnka and Riha*® injected hen spleen cells incubated in 
vitro with BSA into 18-day-old chick embryos (which presumably could not 
react immunologically to the antigens of the transferred cells). Several days 
after hatching, the chicks were bled, and antibody to BSA was detected in 
their sera. When such cells were transferred to newly hatched chicks, rather 
than to chick embryos, antibody did not appear. This difference presumably 
was due to the fact that, in the case of transfer to the chick embryos, tolerance 
to the spleen cells developed and antibody production could be demonstrated, 
whereas the newly hatched chicks probably rejected the spleen cells before 
antibody production was complete. 

Before considering some special problems of lymph node cell transfer, ref- 
erence should be made to the work of Jaroslow and Taliaferro,*® who studied 
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the production of hemolysins to sheep erythrocytes in X-irradiated rabbits 
injected with this antigen, as well as with preparations of various tissues. The 
authors found that antibody titers of irradiated antigen-injected rabbits were 
increased by the concurrent injection of these animals with HeLa cell mince 
or extract, mince of normal rabbit spleen, or extract of normal mouse spleen. 
Essentially complete restoration of antibody level was effected by HeLa cell 
mince or extract or yeast autolysate. In all tissues that were effective in 
this way the induction period was about the same (6.3 to 7.6 days) as that of 
the irradiated rabbits (7.1 days) rather than that of the unirradiated controls 
(2.6 days). The restoration of antibody-forming capacity described here 
differs from the conventional cell transfer effect in that the transfer of whole 
lymph node cells leads to the appearance of antibody in the case of irradiated 
recipients at the same time as in that of nonirradiated recipients, the trans- 
ferred cells presumably being the site of synthesis of the antibody. 


SPECIAL ASPECTS OF LympH NoprE CELL TRANSFER 


Host-tissue reactions to transferred cells. The recent developments in the 
study of tissue transplantation immunity have been appreciated by investi- 
gators working with the lymph node cell transfer system. Employing antibody 
production after transfer as an indicator of functional activity of the trans- 
ferred cells, a number of workers have explored the reaction of recipients’ tis- 
sue to the transferred cells. In the system involving transfer of lymph node 
cells incubated in vitro with Shigella antigen, Harris et al.4° demonstrated ex- 
perimentally that the injection of leukocytes into rabbits gave rise to an im- 
munological reaction against the leukocytes and that in this altered host en- 
vironment lymph node cells were suppressed, the antibody not appearing after 
transfer in the usual manner. In order to bring about this suppressive effect 
on the lymph node cells it was necessary to inject an adequate number of 
leukocytes at an appropriate time prior to the lymph node cell transfer. The 
suppression of lymph node cell transfer could be induced not only actively, as 
described above, but also passively, by the use of serum obtained from rabbits 
injected with leukocytes pooled from the blood of many rabbits." The effect 
of prior injection of leukocytes on subsequent transfer also had been reflected 
in an experiment reported earlier by Mitchison® on colonization of irradiated 
tissue by splenic cells, in which he observed that production of antibody after 


transfer was impaired in host mice previously “immunized” with spleen cells 


of the donor strain. 
Evidence of the host-tissue reaction to transferred cells was obtained in 


| another experimental approach by Sterzl* and by Dixon ef al. Sterzl trans- 


ferred rabbit spleen cells to young rabbits and, on succeeding days, he injected 
Brucella suis organisms. It was observed that, when the interval between 
cell transfer and antigen injection was as great as 4 days, antibody was pro- 
duced in the recipients. When the interval was greater than 4 days there was 
little or no evidence of antibody production by the transferred cells. In the 
study of Dixon e¢ al.“ a similar experimental situation was employed. Lymph 
node cells from rabbits previously immunized with BSA were injected into 
adult irradiated recipients and, at various intervals thereafter, BSA was in- 
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jected. It was found that between 1 and 3 days after transfer the cells lost 
the ability to make a detectable response to the antigen. In both of these 
studies the failure of antibody to appear was attributed to the reaction of the 
host tissues against the cells during the period preceding the injection of the 
antigen. i ’ 

The transfer of lymph node cells to neonatal recipients. Dixon and Weigle® 
employed the technique of cell transfer to study the nature of the immuno- 
logical inadequacy of the neonatal animal. They transferred lymph node cells 
from donors immunized with BSA to recipients of two kinds: 5- to 6-day-old 
rabbits and adult irradiated rabbits. The recipients also received injections 
of BSA; anti-BSA was found, as expected, in sera of the adult recipients, but 
not in sera of the neonatal. Other experiments were carried out with a soluble 
antigen derived from Shigella. When this antigen was injected into donor 
rabbits and the lymph node cells of these were transferred to neonatal recip- 
ients, agglutinins to Shigella were found in the recipients if the injection of the 
antigen into the donor animals had been done 3 days before cell transfer, but 
not if the donors had been injected 2 hours before their lymph node cells were 
obtained. Adult recipients developed agglutinins in both cases. These find- 
ings led the authors to conclude that the environment provided by the neonatal 
recipient is unsuited to the immunological activities of transferred cells in the 
early phase of the immune response, but that neonatal recipients can support 
cells transferred during the productive phase of antibody formation. In a 
later study Dixon and Weigle** presented further data in support of this thesis 
by reporting that, when splenic cells from young rabbits (4 to 7 days old) were 
incubated in vitro with Shigella antigen and then transferred to adult irradiated 
recipients, agglutinins appeared in the sera of the latter (but here, again, not 
if the recipients were newborn). The immunological inadequacy of the neo- 
natal rabbit therefore did not seem to hinge on the lack of cells capable of anti- 
body formation, but rather on the tissue environment provided for these cells 
in the neonatal animal. Differences in response of neonatal mice of 2 strains 
were reported by Nossal,* who found that transfer of mouse spleen cells in- 
cubated in vitro with flagellae of Salmonella to newborn Hall Institute mice 
(1 day old or less) did not lead to the appearance of specific agglutinins whereas, 
after transfer to newborn mice of the C3H strain, agglutinins appeared. In 1 
strain of rats tested, newborn recipients failed to develop agglutinins after 
transfer. For the secondary response, mice or rats of all ages were effective as 
recipients. 

On the other hand, in a number of studies it has been found that neonatal 
animals of various species used as recipients could support transferred lymph 
node cells. Sterz)" reported the appearance of agglutinins after transfer of 
spleen cells of rabbits incubated in vitro with Salmonella paratyphi to neonatal 
rabbits (5 days old, an age at which Sterzl, in attempts at “active immuniza- 
tion, cee rabbits unable to produce agglutinins to this organism). In 
Mitchison’s” experiments with spleen cells of immunized cocks, young chickens 
(5 to 6 days old) were employed effectively as recipients, as were chickens 15 
to 20 days old. Trnka?® incubated chicken spleen cells with S. paratyphi and, 
after transfer to newly hatched chicks, detected agglutinins in the sera of the 
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recipients. Similar results were obtained by Holub” in a system involving 
lymph cells, Brucella suis as antigen, and 5-day-old rabbits as recipients; by 
Papermaster et al.“ with chicken spleen, B. abortus, and newly hatched chicks; 
and by Harris et al., with rabbit lymph node cells, soluble antigen of Shigella 
paradysenteriae, and transfer to newborn rabbits (1 day and older). Further 
evidence of the support of adult spleen cells in an embryonic and then neonatal 
environment is afforded by the work of Simonsen.® In this study, cells of 
spleen and peripheral blood of adult chickens were transferred to chick embryos 
on the eighteenth day of incubation. After hatching, some of the chicks de- 
veloped severe hemolytic anemia, and the washed blood cells from anemic 
animals gave a positive direct reaction to Coombs’ test. The conclusion was 
drawn that the cells of the transplant had formed antibody to antigens of the 
host tissue. 

Cytological study of sites of lymph node cell transfer. In a few of the studies 
of transferred lymph node cells reviewed here”’*4:°° and in some of the earlier 
reports reviewed elsewhere,” cytological examinations were made of smears of 
the suspension of cells to be transferred. The preponderant cell types were 
found to be members of the lymphocytic series, their average percentage fre- 
quency being about 85 to 99, and that of small mature lymphocytes about 70 
to 92. The plasma cell series was reported as accounting for 0.6 to 3 per cent of 
the cells, the remaining few per cent being scattered among other types of 
leukocytes. 

In some recent studies lymph node cells have been transferred by sub- 
cutaneous or intramuscular injection, and serial histological examinations have 
been carried out at the site of this injection. In the first such study reported, 
Roberts e¢ al.®° obtained lymph node cells from donor rabbits previously in- 
jected with BSA and transferred them by intramuscular and subcutaneous 
injection to irradiated rabbits, which were also given BSA. In the transferred 
suspension of cells the average distribution was as follows: lymphocytes, 90 
per cent; macrophages and reticuloendothelial cells, 8 per cent; plasma cells, 1 
per cent; miscellaneous, 1 per cent. The sites of transfer of recipient rabbits 
were examined histologically at various intervals after transfer. After the 

second day there were a progressive decrease in the number of lymphocytes 
found in the injected tissue and the appearance of large immature pyroninophilic 
cells similar to those in antibody-producing spleens that were denoted by 
-Fagraeus as “transitional cells.” These cells were found in greatest numbers 
between the fourth and sixth days. During this period mature plasma cells 
appeared and reached their maximal number at the site of transfer on the eighth 
day. Such transitional cells and plasma cells were relatively rare when the 
lymph node cells were injured before transfer or were transferred without con- 
comitant injection of antigen into the recipient. The same sequence of histo- 
logical changes at the site of transfer was observed when cells of peritoneal 
exudates were transferred. Here the mean distribution of cells in the trans- 
ferred suspension was: macrophages, 71 per cent; lymphocytes, 11 per cent; 
granulocytes, 16 per cent; miscellaneous, 2 per cent. The transfer of such 
peritoneal exudate cells was found to be of the same order of effectiveness in 
the production of antibody in the recipient animal.” 


958 Annals New York Academy of Sciences 


In a subsequent study Neil and Dixon” again observed the transition in cell 
population at the site of transferred lymph node cells from a predominance of 
lymphocytes to one of transitional cells to one of mature plasma cells. In 
this study, sections of the tissues also were stained for anti-BSA by the flu- 
orescein-antibody technique. Antibody was found for the first time on the 
third day, chiefly in the transitional or preplasma cells. The maximal fluo- 
resence was found on the fifth day, involving predominantly the transitional 
(preplasma) cells and plasma cells. 

A comprehensive study of histological changes at sites of transfer of splenic 
and other cells, alone or with antigen, was carried out by Holub® in various 
experiments, including autotransplantation and homotransplantation. In the 
latter, the transfer of splenic cells was carried out with and without the con- 
current injection of antigen. Autotransplantation of splenic cells intra- 
peritoneally caused the appearance of small necrotic centers with various 
leukocytes, surrounded by a gelatinous capsule, below which there was marked 
proliferation of reticulum cells. In 2-month-old rabbits so treated, groups of 
typical mature plasma cells always were found. Intraperitoneal homotrans- 
plantation of lymphoid cells without antigen caused the appearance of macro- 
phages and more mature lymphocytes and, within 6 to 8 days, of transitional 
pyroninophilic cells that then developed into plasma cells. All these cells were 
considered to be the result of differentiation of the transferred cells. Sub- 
cutaneous homotransplantation of living lymphoid cells without antigen led 
to the same results, except that the number of plasma cells was smaller. The 
injection of lymphoid cells with antigen (Brucella suis, Salmonella paratyphi) 
caused similar histological changes at the site of transfer. Thus, in this se- 
ries of experiments, maturation of the plasma cell series at the site was ob- 
served whether or not an antigen also was injected, and without evident re- 
lationship to the degree of antibody response to the injected antigen. Holub 
concluded from these studies that “lymphocytes, as well as primitive reticular 
or primitive mesenchymal cells, appear to enter the inductive phase of anti- 
body formation, while the productive phase is associated with plasma cell 
differentiation.” In the case of the differentiation of cells injected without 
accompanying bacterial antigen, Holub suggested that the antigens of the host 
tissue provided the stimulus, as part of a homograft-versus-host reaction. 


PRODUCTION OF ANTIBODY IN VITRO 


There have been a number of recent studies of antibody production in vitro 
by lymph node or splenic tissue. The majority of these studies have been 
carried out with tissues obtained from animals injected with the antigen, as in 
earlier studies in this area. 

Stavitsky™ injected rabbits twice with diphtheria toxoid and, 3 days after 
the second injection, excised the draining lymph nodes and spleen. Fragments 
of these tissues were incubated in Fischer’s medium with 20 per cent normal 
rabbit serum at 37°C. for 1 day, and the medium then was tested for anti- 
toxin, usually by adsorption-hemagglutination. Antitoxin was found in such 
preparations in greater amount than could be extracted from the explanted 
tissue or than appeared in control preparations. It was estimated that the 
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antibody produced in vitro per unit of explanted lymph node or spleen was 
approximately one tenth the amount that would have been produced by the 
same amount of tissue on transfer to recipient rabbits. 

Later Wolf and Stavitsky®> were able to produce antitoxin in such tissues 
maintained in synthetic medium (Tyrodes’ solution, fructose diphosphate, and 
an amino acid mixture). The amount of antitoxin produced in this synthetic 
medium per milligram of tissue was generally less than that in the Fischer’s 
medium with rabbit serum, although the addition of rabbit serum to the syn- 
thetic medium did not increase the antibody production. Using this medium, 
they were able to show that the synthesis in vitro of diphtheria antitoxin by 
fragments of lymph node from toxoid-injected rabbits could be inhibited by 
the use of amino acid analogues, this inhibition being reversible by further 
addition of the amino acids.* 

Splenic cell suspensions were obtained by Steiner and Anker® from rabbits 
twice injected with BSA. The cells were maintained in vitro in suitable media 
in ‘an incubation vessel consisting of a horizontal cellophane membrane sup- 
porting a layer of spleen cells that had been deposited as a suspension and form- 
ing the top of a reservoir of medium that could be changed during the experi- 
ment. When splenic cells obtained from rabbits 3 days after the secondary 
injection with BSA were incubated in this vessel, anti-BSA could be detected 
subsequently in the medium above the cellophane membrane. The concentra- 
tion of anti-BSA reached a maximum in about 2 days. It was calculated that 
the antibody per cell produced under these conditions was nearly the amount 
that would be produced on transfer of such spleen cells to a homologous recip- 
ient. However, less antibody was produced when the spleen cell suspension 
was prepared from spleens excised 2 days after the secondary injection of BSA 
into the rabbit, and none if the spleen was removed 1 day after that injection. 

Similar time relations in experiments on explantation of splenic cells were 
observed by Sterzl,** who obtained such cells from rabbits injected with Brucella 
and maintained them in vitro. Agglutinins to Brucella were found often in the 
tissue culture fluids 2 days after explantation, but only if the splenic cells were 
obtained not less than 48 hours after the injection of the antigen. Cells mixed 
with antigen im vitro and then maintained in tissue culture did not produce 
antibody. 

More recently, Grabar and Corvazier®® obtained lymph nodes or spleens from 


rabbits or chicks that had been given primary injections of Salmonella para- 


typhi or human serum albumin, and incubated fragments of these in agar gel 
on screens of stainless steel kept in rotating tubes. Homologous antibodies 
were found during the next 4 to 6 days in the case of the splenic explants, and 
the next 6 to 8 days in the case of lymph node tissue, the response being rela- 
tively feeble in the case of the protein antigen. Such antibodies appeared 
only when the tissues were obtained 3 days or more after the animal had been 
injected with antigen. 
Another approach to the study of in vitro antibody production by lymphatic 
tissues was taken by Askonas and Humphrey,” who incubated tissues from 
animals injected with ovalbumin in a medium containing C™-labeled amino 
acids. They observed the degree of incorporation of the labeled amino acids 
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into antiovalbumin during the first few hours of incubation. Rabbits that had 
received intramuscular injections of ovalbumin in an oil-adjuvant mixture 
showed most activity in the slices of local granuloma tissue but, after further 
intravenous injection of alum-precipitated antigen, the explants of spleen, lung, 
and bone marrow showed more activity. In rabbits injected simultaneously 
with two different antigens, ovalbumin and killed pneumococci, differences 
were found in the production of each kind of antibody by explants of various 
tissues. The tissues showing the greatest degree of activity in this study were 
those that had been found by Askonas ef al.* to be active in incorporating 
labeled amino acids into gamma globulin: spleen, lymph nodes, and bone 
marrow. 

In two recent studies the production of antibody in vitro has been reported 
in the case of tissues obtained from animals not injected with the antigen. 
Stevens and McKenna® used splenic tissue of rabbits injected with Salmonella 
typhi endotoxin. Such tissue was diced, incubated for 1 hour at 37° C. with 
a solution of BGG, and then incubated further at that temperature in a medium 
similar to that of Trowell. Culture medium was withdrawn at intervals and 
tested for anti-BGG activity by the adsorption-hemagglutination technique. 
Titers of the order of 200 were obtained in such fluids after 1 day, barely de- 
tectable titers being observed after even 1 hour of incubation. In some experi- 
ments the splenic tissue was obtained from rabbits previously injected with 
BGG. When such tissue was incubated in vitro with this antigen and ex- 
planted, anti-BGG hemagglutination was observed in the same range of titer 
as in the case of splenic tissues obtained from endotoxin-injected rabbits and 
given primary contact with BGG in vitro. The conclusion that the hemag- 
glutinating activity in the culture fluids was due to anti-BGG antibody was 
supported by the observations that it was not produced by non-BGG-incubated 
tissue (for example, splenic tissue incubated with casein), that the hemag- 
glutination reaction was inhibited by BGG in solution, and that complement 
fixation was obtained at correspondingly lower titers of the fluid. On the 
other hand, for the interpretation of these results it should be pointed out 
that it was necessary to keep the fluid frozen at —40° C. to avoid erratic re- 
sults in the titrations, and that it was necessary to incubate the explanted 
tissue with BGG at a concentration of 0.5 to 5 mg./ml. to obtain the results 
described. 

; The other report of antibody formation in vitro by tissues of nonantigen- 
injected animals is that of Fishman,* who incubated rat lymph node cells 
in vitro with antigens (hemocyanin, bacteriophage T2) that had been prepared 
by incubation for 30 min. at 37°C. with a suspension of peritoneal exudate 
cells, largely macrophages. Tissue culture fluids collected at various days 
were tested by adsorption-hemagglutination in the case of the hemocyanin- 
tested cells, and by neutralization in the bacteriophage experiments. Hemag- 
glutinating and neutralizing substances, respectively, appeared in barely de- 
tectable concentrations on the fifth and seventh days in the respective cultures. 
Thereafter, the relative increases to the eleventh day were considerable, but 
even then the titers were rather low (for example, hemagglutination titer of 
160). The interpretation of these results should await confirmation or am- 
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plification of the data, in view of the low final concentration of hemagglutinating 
or neutralizing substances and, especially, because of the considerable length of 
time during which the concentration of these substances increased in a culture 
of cells that, in the case of the rabbit at least, are notably short-lived. 


ANTIBODY FORMATION BY SINGLE CELLS 


Recently several investigators have undertaken the study of the production 
of antibody by single cells, these studies being directed primarily at the ques- 
tion of whether a single cell can form antibodies to more than one antigen. 

Nossal and Lederberg™ and Nossal® gave rats repeated injections of a mix- 
ture of two immunologically distinct types of Salmonella and then prepared 
suspensions of cells from the draining lymph nodes. Microdroplets of the 
suspension were deposited on a cover slip under oil and, after 4 hours of incuba- 
tion at 37° C., a suspension of about 10 motile bacteria of one of the types used 
for immunization was added to each droplet. Immobilization of all the added 
bacteria (in about 20 min. at room temperature) was taken as evidence of the 


presence of the homologous antibody. In the case of droplets containing one 


cell that caused the immobilization of bacteria of one strain, a suspension of 
the same number of motile bacteria of the other strain was added. In no case 
did a single-cell droplet give evidence of containing antibody to the flagellar 
antigens of both bacterial types, that is, no such droplet caused the immobiliza- 
tion of all the bacteria of the second type after causing immobilization of all 


_ the bacteria of the first. Subsequently, Nossal® applied these techniques to 


_ lymph node cells of rats given single injections of suspensions of flagellae pre- 
pared from one of the same strains of Salmonella. Cells were found that 
- produced antibody, as adjudged by the criterion described above, but these 
comprised only 2.3 per cent of the single-cell droplets tested, in contrast to 
approximately 14 per cent in the case of suspensions from secondarily injected 
animals. 
Antibody production by single cells was studied im situ by White,” who used 


<. fluorescein-conjugated antibody. Two experimental approaches were used: 


successive ‘‘stainings” with two different fluorescein-conjugated antibodies 
(with quenching of the fluorescence of the slide between stainings) and the use 
of red and green fluorochromes (rhodamine and fluorescein isocyanate). for 
conjugation with the respective antibodies. The spleen was studied after 
‘multiple intravenous injections of pneumococci and ovalbumin, and popliteal 
lymph nodes were studied after secondary injections of diphtheria toxoid and 
egg albumin into the foot. Considerable proliferation of plasma cells and their 
precursors was found in the pulp of the spleens and in medullas of the lymph 
nodes. Fluorescence was found in clumps of plasma cells in these areas, but 


% staining with the two different fluorescein-antibody conjugates was not ob- 


served in the same groups of cells. The production by one cell of two antibodies 
was thus not indicated, although the possibility could not be excluded that the 
two antibodies were present in a single cell in widely differing amounts. 

The production of antibodies to bacteriophage by single cells removed from 
the animal body has been studied by Attardi e¢ al. In this study, repeated 
injections of bacteriophages T2 and TS were made in the feet of rabbits. Then 
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the popliteal lymph nodes were removed, cell suspensions were prepared, and 
microdrops of these were incubated under oil with mixtures of T2 and T5 
bacteriophage. After 48 hours of such incubation, antibodies to T2 and T5 
were sought in such droplets, and the concentration of such antibody was 
estimated by diluting the contents of a droplet with broth and then plating 
with the indicator bacteria. Among the single-cell droplets examined in this 
way, some (approximately 10 per cent) were found to contain antibody to T2 
or T5 bacteriophage. A number of the single-cell droplets was found to con- 
tain antibody to both bacteriophages. In control experiments it was found 
that mixtures of cells obtained from rabbits, each of which had been hyper- 
immunized with either T2 or T5, but not with both, yielded no single-cell 
droplets with activity against both bacteriophages. 

The conclusion of this study, that a single cell can form antibody to more 
than one antigen, differs from that of Nossal® in the comparable experiments 
described above. Quantitative considerations suggest that the conclusions of 
Attardi et al.® are the more likely to be valid. First, the measurements of 
neutralizing antibodies to bacteriophage were made on an essentially con- 
tinuous scale, rather than from a threshold of bacterial immobilization (im- 
mobilization of all the bacteria in the test suspension being the sole acceptable 
indication of antibody). Second, the measurements of antibacteriophage 
antibodies were made in a far wider range of the minimally detectable units of 
antibody than were the estimations of immobilizing antibodies. Thus, in the 
latter system, when single-cell droplets from rats injected with 1 strain of 
Salmonella were tested repeatedly with portions of the bacterial suspension, 
only 5 of 15 such drops showed immobilization of a second lot of bacteria, 
indicating that many of the cells produced little more than 1 unit of antibody 
as defined in these studies. In contrast, the bacteriophage inactivation ex- 
periments showed a ratio between 20 and 50 of mean background (control) 
level of plaque counts and plaque counts of antibody-containing droplets. At 
the present writing, therefore, it appears that the antibody-producing cells 
probably can produce more than one type of antibody. 

These studies are of particular interest in view of the currently debated 
hypothesis of the selective theory of antibody formation put forth by Jerne® 
and elaborated with additional aspects of clonal selection by Talmage,’? Bur- 
net,” and Lederberg.” The acceptance of the conclusion that one cell may 
be the site of synthesis of more than one type of antibody poses substantial 
difficulties for the hypothesis of clonal selection and, as pointed out by Cohn, 
the tenability of this hypothesis would weaken very rapidly with increases in 
the number of types of antibody attributed to one antibody-forming cell. 


Histological Observations in the Studies of Antibody Formation 
by Single Cells in Vitro 


In both of these investigations cytological observations were made on the 
cells in antibody-containing droplets. In a study by Nossal,” almost all of 
the antibody-producing cells were identified, by staining with orcein and light 
green, as plasma celis, whether these cells were obtained after primary or after 
secondary stimulation of the lymph node. In all of 93 cells in single-cell 
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antibody-containing droplets 91 were of the plasmacytic series. On the other 
hand, in the study by Attardi et al., cell types of both the lymphocytic and 
plasmacytic series were found to be associated with antibody formation. 
Thus, in the microdrop experiments, 11 per cent of cells of the lymphocytic 
series and 32 per cent of cells of the plasmacytic series produced antibody and, 
in the analogous micropipet experiments on the single-cell preparations, 14 
per cent of cells of the lymphocytic series and 27 per cent of cells of the plasma- 
cytic series were found in antibody-containing preparations. 


Summary 


The chief emphases or advances in studies of the past half decade on the 
cellular sources of antibodies have been concentrated in a few areas of investiga- 
tion, and the current status of each of these areas may be summarized very 
briefly as follows: 

First, in the histological and cytological areas, the problems of the previous 
decade on the role of the major parts of lymphatic organs and of cell types 
within those organs in synthesizing antibody have not been solved yet, as 
indicated by the data reviewed above. Thus a number of the recent studies, 
chiefly those of Coons,'* White,!® Askonas,” and their collaborators, indicate 
that the red pulp of the spleen or medullary cores of lymph nodes are the pri- 
mary sites of antibody and that the plasmacytic series are the cells involved 
_ in the synthesis. On the other hand, in the study of Ward et al.,"' the white 

- pulp of the spleen, particularly the lymphocytic follicles, appeared to be in- 

volved in the production of antiovalbumin in the rabbit. Further, Ortega and 
Mellors'® localized gamma globulin in (1) plasma cells of splenic red pulp and 
medullary cords of lymph nodes and in (2) medium and large lymphocytes 
of germinal centers of lymph nodes and spleens. Again, in investigations 
on antibody formation by single cells in vitro, the data of one study’ indicated 
that virtually all the antibody-forming cells were of the plasmacytic series, 
but in another study a fraction of such cells was found to be of the lympho- 
cytic series. 

One type of observation that might suggest a role in antibody formation for 
cells of both the lymphocytic and plasmacytic series is that of Dixon and his 
collaborators®! who, as indicated above, reported the presence of plasma cells in 
tissues into which homologous lymph node cells had been transferred. Thus a 
scheme is suggested according to which the induction of antibody formation 
can take place in a cell recognized as a lymphocyte, and the synthesis of the 
antibody can take place after the transition of this cell into a type recognized 
as a plasma cell. The results of Dixon and his collaborators®! indicated a con- 
stant relation between antibody formation and the transition of the transferred 
cells to plasma cells, whereas it was found subsequently in parallel studies of 
Holub® that cells of the plasmacytic series matured at the site of lymph node 
cell transfer, whether or not antigen was also injected. However, Holub sug- 
gests the possibility that, in the case of transfer of cells without antigen, a 
graft-versus-host tissue reaction accounts for the presence of the plasma cells. 

In studies of homotransfer of lymph node cells, the areas of greatest activity 
in the past few years have been concerned with the following: extension of the 
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technique of cell transfer to additional species and antigens; stimulation of 
transferred cells in vitro by some bacterial antigens; study of cells found at the 
site of transferred lymph node cells, with the possible implications of participa- 
tion in different phases of antibody formation of cells identified as lymphocytes 
and plasma cells; recognition of a “homograft-type”’ reaction against trans- 
ferred cells by tissues of recipient animals and exploration of some of this re- 
action on the results of cell transfer; and study of some aspects of the host- 
tissue environment in relation to the effectiveness of transferred cells (neonatal 
versus adult tissues). 

In the area of in vitro synthesis of antibody there has been recent study of 
the conditions for synthesis of antibody by lymphatic tissue of animals in- 
jected with antigen. Furthermore, new evidence that antibody can be syn- 
thesized in vitro by such tissues has been obtained by the demonstration of 
incorporation of radioactive amino acids of the medium into antibody and by 
the inhibition of such synthesis by the addition of amino acid analogues in the 
medium. As to the question of induction as well as synthesis of antibody 
in vitro, two studies have been reported, but the interpretation of these should 
await confirmation and extension of the data. 

Finally, single cells from appropriately selected lymphatic tissue of antigen- 
injected donors have been found to produce detectable amounts of antibody. 
These recent demonstrations are of considerable interest, both intrinsically and 
because of the experimental studies made possible by this development, such 
as critical examination of the newly promulgated clonal or selective hypothesis 
of antibody formation. 
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HIGH MOLECULAR WEIGHT ANTIBODIES 


Henry G. Kunkel, Hugh Fudenberg, Zoltan Ovary 
The Rockefeller Institute, and New York University College of Medicine, New York, N. Y. 


Despite the fact that the existence of high molecular weight antibodies has 
been known for a long time, only recently have they received attention com- 
mensurate with their significance. Several explanations may be cited for this 
fact. First and perhaps foremost are the fallacious concepts that these anti- 
bodies occur in only a few species (particularly the horse) and that the rabbit 
and the human produce only low molecular weight antibodies in response to 
antigenic stimulus. This was based on early work with antipneumococcal 
antibodies, in which few animals were examined. It now appears that not 
only do many horses make low molecular weight antibodies but that rabbits 
can make the high molecular weight type, even to pneumococci.! Of essential 
importance are the stage of immunization and variations among individual 
animals. 

Another factor hindering their recognition was the belief that high molecular 
weight antibodies were artifacts produced by the aggregation of y globulin 
under chemical treatment. The failure of Cann? to find this species in human 
y globulin isolated by electrophoresis convection contributed significantly to 
this concept. It is now clear that y globulin isolated by other methods of 
electrophoresis does contain a high molecular weight component, representing 
as much as 10 per cent of the total y globulin.’ 

The high molecular weight material is a clearly definable entity in human and 
rabbit serum, with physical and chemical properties totally different from 
ordinary y globulin. Antibodies belonging to this class also show these very dif- 
ferent properties. It is no longer possible to say that a given material is or is 
not an antibody on the basis of its properties; the class of antibody, whether 
the ordinary 7S antibody or high molecular weight type, must be considered. 
In addition to these, a third group of “immunoglobulins,” recently defined by 
Heremans, contains antibodies of still different properties, the Boa proteins.4 
There undoubtedly are further subgroups. 

Before discussing the various special characteristics of the high molecular 
weight immunoglobulins, it might be well to consider the various antibodies 
and other materials from human serum that have been classified in this fraction. 

A summary of the types of antibodies and antibodylike substances of human 
serum that have been found to belong, at least in part, to the high molecular 
weight class is given in TABLE 1. Of course, the prototype of these proteins 
is the Waldenstrém macroglobulins. Some of these appear to have specific 
antibodylike activity. Cold agglutinin activity’ and complement fixation 
activity with human cellular antigens® have been described. In addition, we 
have recently encountered two cases of typical Waldenstrém macroglobuline- 
mR = eh the pathological proteins had theumatoid factor activity. One 
a Pe it oe te a Meine dilutions with aggregated y globulin. It 
se aN e other rheumatoid factor reactions, such as those of the 

sitized human cell and the Fr. II chromium-treated red cell. It does 
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not give all of the latex fixation test reactions nor the sensitized sheep cell test 
reaction. The behavior is different from that of rheumatoid factors in patients 
with rheumatoid arthritis, although there are many similarities. 

An attractive current hypothesis is that the Waldenstrém macroglobulins 
represent the products of antibody-producing cells slightly altered through 
somatic mutation, but with the pathological protein still possessing some of 
the specificity of the antibody-producing clone from which it was derived. 

The rheumatoid factors are all of the 19S class and show specificity for 
combining with ordinary y globulin or aggregated y globulin.?° Evidence is 


TABLE 1 
19S CLass-SUBSTANCES IN HumAN SERUM 


1. Waldenstrém macroglobulin 7. Lupus factors* 

2. Rheumatoid factors 8. Isoagglutinins* 

3. Properdin 9. Sal. Rh agglutinins 

. 4. Conglutinin* 10. Leukoagglutinins 

5. Cold agglutinins 11. Thyroid autoantibodies* 
Nat., atyp. pn. 12. Typhoid-paratyphoid agglutinins* 
Acq. hem. an. 13. Wassermann antibodies* 

6. Heterophil antibodies 


Nat., inf. mono. 


* Partially in 7S class. 


TABLE 2* 
Heterophil titer 
Protein fraction L.E. cell activ. 

Case 1 Case 2 
1. Album. + 0 0 
PLS TIS Siecle eGte 0 0 
3. ae 1/16 1/4 
4, 19S 0 1/512 1/64 


* Localization of the heterophil antibody from the serum of 2 cases of infectious mono- 
nucleosis in the bottom (19S) fraction following density gradient zone ultracentrifugation. 
L.E. cell activity separated in the same experiment localized in the 7S fraction. 


accumulating that they may well be anti-y globulin antibodies. Recently 
there is some indication that a 7S counterpart of the 19S rheumatoid factors 
occurs in certain sera.! This forms a wide assortment of y globulin complexes. 
Properdin has been reported to be a 19S class protein,” although some contro- 
versy remains on this point. Bovine conglutinin does not appear to be of 
high molecular weight, but many of the immunoconglutinins fall into this class. 
Recent observations in collaboration with R. R. A. Coombs (unpublished ob- 
servations) indicate considerable variation from one serum to another regarding 
the immunoconglutinins. 

The cold agglutinins all appear to be of the 19S class.?°108 These are 
probably the most widely studied of the human 19S proteins that appear to 
have antibody properties. The observations of Wiener e¢ al."* on I specificity 
for the cold agglutinins have recently been confirmed in several laboratories. 
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The heterophil antibodies in the serum of patients with infectious mononu- — 


cleosis also appear to be entirely of this class. TABLE 2 shows results obtained 
with one such serum by density gradient ultracentrifugation.® A lupus serum 


with lupus erythematosis (L.E.) cell activity in the 7S y globulin was separated 


at the same time for comparison. All of the heterophil antibodies were found 
at the bottom of the tube in the 19S fraction. Another serum from a different 
patient showed identical results, as did two sera from patients with liver disease 
with heterophil antibodies of a different type. 


TABLE 3* 
L.E. 
Protein fraction Sjégren’s syndr. Biliary cirrhosis 
Case 1 Case 2 
1. Album. 0 0 0 0 
Deals 32 64 Sy es 4 
oe 32 4 64 8 
4. 19S 256 0 0 256 


* Localization of anticytoplasmic “antibodies” in different fractions of 4 positive sera by 
density gradient centrifugation. One of the L.E. sera and the biliary cirrhosis serum showed 
the activity in the bottom (19S) fraction. The L.E. serum and that from Sjégren’s syndrome 
showed the activity localized in the 7S fraction. 


TABLE 4 
SALINE ANTI-A ISOAGGLUTININ FRACTIONATION PATTERNS (IN TITERS) 


Type 1 (19S pattern) Type 2 (7S pattern) Type 3 (mixed) 
Fraction 
5 10 20 | 40 | 80 5 10 20 | 40 | 80 5 10 20 | 40 | 80 
I 0 0 ;}0/;0;0) ++ + /0/0/;0]f ++ + 1/0;0|90 
I + | 0 |0]/0)0}+++*%++*)+/+]0/+++*1++*|+/4+] 0 
Til + 0 ;}0);0;0} ++ + |}0/0/0] ++ + }0/0]0 
IV |++++[++#/+t}+/+f 0 | 0 |o}o}0+++4+t/4++/+/4] 0 
Vv + +— |0)0);0 0 0 0/;0/;0 +t + 10/0) 0 


* Fraction 7S. 
} Fraction 19S. 


Certain of the lupus factors also appear to be of the 19S class, although the 
L.E. cell factor clearly is of low molecular weight, as indicated in TABLE 2. 
TABLE 3 shows the density gradient results with complement fixation reactions 
of tests utilizing cytoplasmic antigens and sera from patients with lupus erythe- 
matosus, Sjégren’s syndrome, and biliary cirrhosis, the three conditions giving 
the most positive results. These are published in greater detail elsewhere.!® 
Similar results also have been obtained with chromatographic methods.1¢ 
Many of the lsoagglutinins are of the high molecular weight class, but there 
is striking variation from one serum to another, and a few sera show only low 
molecular weight isoagglutinins. Tapie 4 shows the three types of pattern 
found in different sera for the anti-A isoagglutinins. The presence of both 
types in the same serum was not uncommon. These results also were obtained 


— 
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_ by density gradient ultracentrifugation, and show the position of the activity 


at different levels from the top to the bottom of the centrifuge tube. Many 
of the rarer types of isoagglutinins are primarily of the 19S class.” 

The typhoid H and O agglutinins may be of either 7S or 19S class, and also 
vary from one serum to another (R. Smith, personal communications). The 
Wassermann antibodies also appear to be of both classes.2° The vast majority 
of substances belonging to the high molecular class have low molecular weight 


counterparts, although the latter may not be as readily detectable. 


Specific Properties of 19S Class Substances 


Sedimentation properties. All the very different substances illustrated in 
TABLE 1 and belonging to the 19S class of proteins appear to have very similar 
sedimentation constants for the major active constituent. This ranges from 
18 to 20S. With those sera where high concentrations are present, work on 
mixing these proteins has been carried out. Such mixtures for the Walden- 
strém macroglobulins, cold agglutinins, and rheumatoid factors do not resolve 
into separate components in the analytic ultracentrifuge. Occasionally, slight 
broadening of the 19S peak occurs, but usually a single sharp peak continues 
to be present. 

Besides showing the main 19S peak, these proteins always appear to be asso- 
ciated with subfractions of even higher sedimentation rate. In the sera of 
patients with Waldenstrém macroglobulinemia, a 29S component and a 38S 


component make up 17 and 5 per cent of the total macroglobulin content, 


respectively. The ratio of these components was found to be surprisingly 
constant.!9 They have been observed clearly in all the Waldenstrém macro- 
globulins, the cold agglutinins, and the rheumatoid factors, that is, in those 
instances where high concentrations of 19S proteins have been obtained. 
Electrophoretic mobility. Most of the proteins of this class have an electro- 
phoretic mobility at pH 8.6 that is fast compared to the main portion of 


: globulin. In general, they migrate in the valley between the y and 8 globulin. 


However, their distribution is broad, and in different instances individual 
members of the group may be primarily in the y peak or, rarely, in the 8 zone. 
The isoelectric point of these proteins is even lower than their mobility at 
pH 8.6 would indicate: usually between 6 and 6.5. Antibodies of rapid mo- 
bility should be suspected of being in the 19S class. 

Antigenic properties. Although there is some cross reaction between ordi- 
nary 7S y globulin and the 19S class, they differ considerably in antigenic 
properties.” The 19S material possesses antigenic determinants not found 
in the 7S proteins, and the reverse is also true. In Ouchterlony plate studies, 
the 19S proteins are distinguished by the curvature of the line toward the 


antigen well, caused by the slow diffusion of these molecules.” This often 


— 
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makes it possible to recognize this constituent in a mixture. In immunoelec- 
trophoretic studies, it has been given the name Bom , and the European litera- 
ture utilizes this term to characterize the entire 19S class of proteins.” 

High carbohydrate content. One of the most striking characteristics of the 
19S class of proteins is a carbohydrate content much larger than that of the 
low molecular weight group. This consists of hexose and hexosamine sugars 
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and sialic acid. All the antibodies and other substances of this group that 
have been tested are very similar in this respect and show approximately 10 
per cent by weight carbohydrate.* d4>iThe high sialic acid content appears to 
be responsible at least in part for the more acidic properties of these proteins 
than are possessed by ordinary low molecular weight antibodies. Se 
Failure to give passive cutaneous anaphylactic reactions. Recent studies 4 
us have indicated that the proteins of this class do not fix to tissues in the 
same way as do ordinary y globulin and do not give a passive cutaneous ana- 
phylactic (PCA) reaction on stimulation with the respective antigens (un- 
published observations). This has been particularly well documented with 


0.4 
0.3 
Mg. prot. *—- Untreated K.F 
icine Ose : o—o 5H-treated 


prec. x--x SH-treated + dialysis 


Mg. prot. (¥ glob. aggr added ) 


Ficure 1. Precipitin curves of an isolated preparation of rheumatoid factor (R.F.) with 
increasing amounts of highly purified y-globulin aggregates. No significant precipitate 
formed after dialysis against mercaptoethanol and no activity returned after removal of the 
mercaptoethanol. 


respect to the isoagglutinins. It was possible to show that certain anti-6 sera 
give PCA reactions when challenged with B substance and that others do not. 
Ultracentrifuge analysis indicated that those that failed had the 19S isoaggluti- 
nins and those giving the reaction had the 7S type. Antiserum to the 19S 
proteins failed to give the reaction when the 19S proteins were injected in the 
skin of guinea pigs, but did react when utilized in the reverse direction and the 
antiserum was given in the skin. 

Dissociation with sulfhydril compounds. One of the most interesting char- 
acteristics of this class of materials is the rapid dissociation with SH com- 
pounds, due to cleavage of disulfide linkages.®426 This was first demon- 
strated for the Waidenstrém macroglobulins, but now has been shown to 
apply to a wide variety of antibodies of this type.5!726.27 Figure 1 illustrates 
the effect of treatment with mercaptoethanol on the precipitin curve of rheuma- 
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_ toid factor and aggregated y globulin. All activity disappears and is not re- 


gained even when highly purified rheumatoid factor is used and optimal con- 
ditions for reassociation are arranged. The serologic tests for rheumatoid 
factor also are diminished markedly by this procedure. The number of di- 
sulfide bonds broken by this procedure is not entirely certain. There appear 
to be six monomeric units linked by these disulphide bonds, and some evidence 


suggests that two bonds link each chain.¥ 


The sensitivity to mercaptoethanol or cysteine may be used to determine 


_whether or not a given activity belongs in the 19S groups.” Prolonged dialysis 


against the sulfhydril compound has given the best results in our laboratory. 
It must be realized, however, that a number of factors may influence the re- 
sults. Different antibodies vary in their ability to split, depending on their 


_ concentration and whether they are in whole serum or in the isolated state. 


If an antibody is readily split by an agent, the likelihood that it is a 19S com- 
pound is considerable. However, failure of inactivation indicates considerably 
less likelihood, and some proved 19S antibodies have been quite resistant under 
specific conditions. 


Detection by Density Gradient Zone Ultracentrifugation 


Difficulties have been encountered in determining whether a given antibody 


belongs in the 7S or 19S class, or both, by the ordinary methods of ultracentrif- 


ugation. In certain instances, the presence of antibodies in both classes in 


_ the same serum gave very confusing results by preparative ultracentrifugation. 


Even the use of partition cells in the analytic machine have been of limited 
value. Considerably greater success has been achieved through the use of a 
sucrose density gradient, somewhat like that utilized by Brakke for the sepa- 


~ ration of viruses.”® The details of this method have been published separately.*° 


Serum or protein fraction is layered over the sucrose gradient and then sepa- 


rated in a swinging bucket rotor. Under appropriate conditions the 7S pro- 


_ teins pass approximately one third of the way down the tube, while the 19S 
- proteins go all the way to the bottom. Samples from different levels then may 


be taken for activity assay. The use of specific antisera to 7S and 19S frac- 


tions aids in localizing these classes, although in most instances the 19S ma- 


terial is visible in the tube when a sharp band of light is passed through the 
bottom in a dark room. 

Taste 4 shows the results of isoagglutinin assay (anti-A in this case) by this 
procedure. Three types of patterns were obtained from different sera: pure 
19S, pure 7S, and a mixture of 7S and 19S classes. The pure 7S type was the 


~ most uncommon, but the mixture was seen with considerable frequency. The 


older belief that the isoagglutinins are entirely 19S proteins was certainly an 


oversimplification. The isoagglutinins illustrate the general principle that 


antibodies are rarely of only the 19S class, and appear also as the, ordinary 
type in individual instances. 
Conclusions 


The thesis presented earlier, that the word antibody no longer has significant 
meaning unless the class of antibody is designated, seems valid in view of the 


- many highly specific properties of the 19S class. In the case of the rheumatoid 


Ex 
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factors, the high carbohydrate content and the failure to give PCA reactions 
have been cited as arguments against their antibody nature. It is now known 
that these are characteristic properties of this class of proteins and apply as 
well to clearly demonstrated antibodies belonging to this. group. A wide 
variety of antibodylike materials in addition to the rheumatoid factors is being 


discovered in various connective tissue diseases. The clear definition of these : 


substances as antibodies must await basic studies of well-characterized anti- 
; : a ae 
bodies belonging to the various subgroups of “immunoglobulins.’ 
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THE CONCEPT OF AUTOANTIBODIES IN RHEUMATIC 
FEVER AND IN THE POSTCOMMISSUROTOMY STATE* 


Melvin H. Kaplan 


Departments of Medicine, Cleveland Metropolitan General Hospital and Western Reserve 
University School of Medicine, Cleveland, Ohio, and the House of the Good 
Samaritan, Children’s Hospital Medical Center, Boston, Mass. 


It is generally accepted that infection of the upper respiratory tract by the 
group A streptococcus is the essential event provoking a primary attack of acute 
rheumatic fever. Following the primary attack, two eventualities may be con- 
sidered: (1) the disease may progress chronically or cyclically with permanent 
damage to myocardium and heart valves, with no detectable evidence of con- 
comitant foci of streptococcal infection (although this point recently has been 
challenged!2); and (2) there may be a complete recovery with or without resi- — 
duum, followed, however, by a marked susceptibility to recurrent attacks of 
rheumatic fever.*** ; 

Over the years numerous hypotheses have been proposed in attempts to dove- 
tail the biological properties of the group A streptococcus with the special pe- 
culiarities of host behavior and tissue response that characterize this disease. 
None of these has been entirely satisfactory, as is suggested, for example, by 
the variety of experimental or clinical studies published within recent years 
dealing with the possible mechanisms of cardiac damage. These have concerned: 

(1) The pathological effects on the heart of streptococcal products, including 
enzymic substances, studied by Kellner and Robertson,® Carlson e? al.,6 Robin- 
son,’ and Wagner (elsewhere in this monograph). 

(2) Cardiac lesions, especially of myofibers, resulting from repeated focal 
streptococcal infections of the rabbit skin, and the morphologic resemblance of 
such lesions to those observed in rheumatic carditis, as described by Murphy 
and Swift, Murphy,® and Kirschner and Howie.” 

(3) Cardiac lesions following establishment of focal infection of subcutaneous 
or pharyngeal tissue in the rabbit, studied by Glaser and his associates." 

(4) The demonstration of the localization of streptococcal antigen in the 
heart, as a possible focus for allergic reaction, by Kaplan.” 

(5) The clinical and epidemiological studies of Rammelkamp and his associ- 
ates’ indicating necessity of persistence of viable streptococci in the tissues for 
activation of rheumatic fever. 

(6) The demonstration of leukocyte-platelet thrombi in rheumatic hearts and 
studies of the possible relationship of this finding to the Shwartzman phenome- 
non or to the Arthus phenomenon type of hypersensitivity, by Stetson.” 

(7) Finally, the participation of an autoimmune mechanism in pathogenesis, 
first suggested by the clinical studies of Brockmann et al." in Germany in 1937 
and given impetus by the work of Cavelti!® in the United States in 1945. : 

It is the purpose of this paper to review critically this last proposition, the 

* The investigation reported i i i 
3726 from the National a nel Public ete wenn Brie tee 


grant-in-aid from the Cleveland Foundation, Cleveland, Ohio. It i 
tenure of an Established Investigatorship of the American Eleert Nesociation ee 


974 


Kaplan: Autoantibodies in Rheumatic Fever 975 


_ autoimmune concept of rheumatic fever, and to summarize some recent obser- 
vations made in our own laboratory and to be published in detail elsewhere. 

The hypothesis that an immunological mechanism in some form is involved 
in the pathogenesis of rheumatic fever is probably supported by the majority 
of the students of this disease. The arguments pertaining to this question re- 
cently have been reviewed authoritatively and critically by McCarty. How- 
ever, the published evidence that this mechanism may be one of autoimmunity 
has not been convincing, either from immunological or clinical points of view. 
First, from the point of view of experimental immunology, the heart has not 
_ been established as a source of organ-specific antigen with potential for the pro- 
duction of autoantibodies as have the brain, thyroid, lens, or testis. Cavelti!7 "8 
in 1947 first presented experimental evidence favoring heart tissue as a source of 
autoimmunizing antigen. He reported that repeated intraperitoneal injections 
of rats with a mixture of homogenized rat heart tissue and killed group A strep- 

tococci over a period of 1 to 3 months resulted in the production in the serum of 
agglutinins for collodion particles coated with a saline extract of heart tissue in 
45 to 80 per cent of animals so treated. In approximately 30 to 50 per cent of 
the animals, lesions involving endocardium, myocardium, and epicardium were 
_ produced. They were related particularly to connective tissue elements and were 
notable in valves, atrioventricular ring, blood vessels, and the interstitial tissue 
- of the myocardium. An important point was that myocardial fibers were spared, 
unless involved by contiguous structures. Confirmation of these results has never 
_ been reported. 

In the same year (1947) Jaffe and Holz’® independently described myocardial 
lesions in rats and rabbits immunized for 9 months with a mixture of homolo- 
gous heart tissue and killed streptococci. The pathological description of the 
- lesions and the published illustrations do not correspond with the lesions de- 
scribed by Cavelti. In their illustrations the lesions appeared to involve the 
_ myocardium chiefly and the connective tissue to a lesser degree, and were char- 
acterized by the authors as consisting primarily of muscle degeneration with 
~ secondary inflammation. No serologic studies, however, were carried out to 
prove an isoallergic basis for these lesions. 

The Japanese investigators Maekawa”? and Shoji”! have presented work sug- 
gesting that a cephalin fraction of mammalian heart tissue injected in admixture 
with foreign serum or other protein serving as carrier may induce interstitial 
myocarditis. The lipoid fraction was regarded as organ-specific. | The brief 
descriptions and illustrations are chiefly of an interstitial myocarditis, although 
myofiber degeneration and vascular lesions were also noted. No serologic 
studies were carried out. 

In a German publication in 1951, Frick” reported lesions in rats following re- 
peated intraperitoneal injections of homologous heart in Freund’s adjuvant 
plus tuberculin. These were not described in detail, but revealed connective 
tissue damage in perivascular distribution, myocardial hemorrhages and, in a 
minority of animals, focal areas of myocardial degeneration. Sera were e€x- 
amined for autoantibodies by complement fixation, with a suspension of rat 
heart tissue as antigen. However, only 3 of the 11 animals in which lesions were 
produced exhibited such antibodies. 
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More recently in our laboratory” it has been possible to demonstrate pro- 
duction of antibodies reactive with autologous heart in rabbits immunized with 
heterologous heart tissue homogenates such as beef or rat, as revealed by im- 
munofluorescence and complement fixation. The antigenic material was identi- 
fied as a cross-reacting lipoid constituent of mammalian cardiac amntisehes In- 
jection of rabbits with fresh homologous heart tissue and Freund’s adjuvant 
has failed to yield such antibodies.” , es. 

In sum, these reports still place the experimental production of autoantibodies 
to heart on tenuous grounds. The role of such autoantibodies in the produc- 
tion of cardiac lesions must be considered unconfirmed. 

In the clinical aréa of investigation, several workers have reported the pres- 
ence of presumptive autoantibodies to heart in sera of patients with rheumatic 
fever, as revealed by complement fixation, collodion particle agglutination, and 
antiglobulin consumption tests. The specificity of these tests from both clinical 
and immunologic points of view has been disputed. Brockmann et al." re- 
ported in 1937 a high incidence of complement-fixing antibodies to saline ex- 
tracts of heart and liver tissue derived from a rheumatic patient in the sera of 
children with acute rheumatic fever, in adults with acute or chronic polyar- 
thritis and, only occasionally, in normal persons or patients with other types of 
inflammatory disease. Extracts of rheumatic heart and spleen were less effec- 
tive than was liver as antigen, but extracts of nonrheumatic tissues were said to 
be entirely ineffective. 

Cavelti!® in 1945 used collodion particles coated with saline extracts from 
normal (nonrheumatic) heart as antigen, and found that the extracts from 1 of 
4 hearts tested gave positive agglutination reactions in the sera of 27 of 36 pa- 
tients with acute rheumatic fever, in none of 12 normal sera, and in only 1 of 84 
sera of nonrheumatic patients with various diseases. It was Cavelti’s impres- 
sion that these agglutinins were present in the “early and most active stages 
and disappeared when the rheumatic process became inactive.” Cavelti is 
quoted later by Fischel and Pauli?® as having had difficulty in repeating these 
results with tissue extracts other than from the one heart that gave strongly 
positive results. These latter workers failed to confirm the work of Brock- 
mann éf al. and, in attempts to repeat the work of Cavelti,!® noted only infre- 
quent reactions with heart and other organ extracts by collodion particle ag- 
glutination. It was suggested that such tests were not specific for rheumatic 
fever, and that the results were comparable to “biological false positive” floc- 
culation reactions. 

This collodion particle agglutination technique was used also by the Czecho- 
slovakian workers Rejholec and Wagner” in 1955, who observed positive reac- 
tions in the sera of 6 of 8 patients with rheumatic fever, and also in the sera of 
a small number of patients with acute tonsillitis, rheumatoid arthritis, and glo- 
merulonephritis, as well as occasionally in the sera of a mixed control group 
consisting of normal persons and patients with various diseases. ‘These in- 
vestigators stated that in rheumatic fever these antibodies receded or disap- 
peared with salicylate treatment. 

In 1954, in Baltimore, Osler ef al. noted that the sera of nonsyphilitic persons 
frequently contained complement-fixing antibodies to alcoholic extracts of hu- 
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_ man heart tissue. A large proportion of these extracts came from patients with 
theumatic fever. Thus, of 259 sera of cases of rheumatic fever or rheumatic 
heart disease, 117, or 45 per cent, were definitely positive while, of a miscellane- 
ous control group of 254 sera, 54, or 21 per cent, were definitely positive. Posi- 
tively reacting sera showed no fixation when tested with beef heart cardiolipin. 
In patients with rheumatic disease, no obvious correlation was noted between 
the serum titer and the course of the disease process. In addition, as compared 
with a 20 per cent incidence of positive tests in normal healthy individuals, 

there was noted a distinct increase in the frequency of such reactions in patients 
with parenchymatous disease involving liver, brain, thyroid, kidney, and also 
with blood dyscrasias. 

Most recently, two reports in the German literature, by Butler and Moesch- 

 lin’® and by Steffen,*° describe presumptive autoantibodies to heart tissue shown 
by the antiglobulin consumption technique, using lyophilized normal heart tis- 
sue as antigen. The sera from a small number of patients with rheumatic fever 
and rheumatoid arthritis were found positive. 

Thus, from these reports in the clinical area, it appears that patients with 
rheumatic fever frequently may exhibit presumptive autoantibodies to heart 
tissue; however, controversy exists as to the clinical specificity of the serologic 
tests employed. In all these reports, except that of Cavelti, positive serologic 

- responses were observed in diseases other than rheumatic fever. These diver- 

gent results probably cannot be explained in face of the unknown nature of the 

- antigen or antigens employed. 

The interest of our laboratory in the autoimmunity concept stemmed from 
the results of a survey of auricular biopsy material obtained from patients with 
rheumatic heart disease who had come to cardiac surgery. In this study, be- 
gun in 1954, auricular tissues were examined for the presence of bound gamma 
globulin by using the immunofluorescent technique, on the hypothetical assump- 
- tion that the presence of such bound gamma globulin was consistent with, al- 
though not proof of, immunological mechanism in pathogenesis. 

One hundred auricular appendages were made available for study in Boston 
and Cleveland from 1954 to 1959.* Of these 100 specimens, 18 gave unequiv- 
ocal evidence of bound gamma globulin} with characteristic histological dis- 
tribution. Moreover, 2 of 4 specimens of hearts from patients dying of acute 
rheumatic fever exhibited bound gamma globulin. These deposits were not as- 
- sociated with Aschoff lesions; they occurred in spotty distribution throughout 
the myocardium, involving especially myocardial cells including sarcolemma 
and subsarcolemmal sarcoplasm and, in addition, interstitial connective tissue 
and vessel walls. For control observations, 30 specimens were available from 
nonrheumatic hearts, including 28 post-mortem and 2 auricular biopsy speci- 
mens. ‘These exhibited focal myocardial fibrosis in 9 cases, acute myocardial 

_ infarction in 4, pericarditis in 2, interstitial fibrosis in 1, and myxoma in 1, the 

* We are grateful to Dwight E. Harken, Gustave Dammin, Gordon Scannell, and Lawrence 

Kunz, of Boston, Mass., and George H. Clowes, of Cleveland, Ohio, for making these tissues 


ailable. oe : 
2 + It should be stressed that by bownd gamma globulin is meant gamma globulin that cannot 
be removed from the tissues following repeated washings of unfixed frozen sections, in con- 
trast to the completely diffusible and extractable gamma globulin of normal or pathological 


control heart tissue. 
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remainder being normal.* Of these control tissues, none showed significant 
deposits of bound gamma globulin; the auricular biopsy tissue from the patient 
with myxoma showed some traces only in the interstitial connective tissue. 


The histological distribution of bound gamma globulin is shown in FIGURES 1 ~ 


and 2. Scattered focal deposits were noted most frequently within myocardial 
cells extending from peripheral segments of sarcolemma into the subsarcolem- 
mal sarcoplasm or into the substance of the sarcoplasm. Within the sarco- 
plasm the gamma globulin occurred as amorphous masses, rods, or membranous 
deposits between myofibrils. Such gamma globulin-containing cells were dis- 
tributed irregularly throughout the myocardium of both auricle and ventricle. 
The interstitial connective tissue also revealed frequent scattered deposits of 


material, often adjacent to involved myofibers. Rarely, amorphous deposits 


or droplets were noted within collagenous septa. Finally, bound gamma globu- 
lin was noted within segments of vessel walls, particularly of arterioles and ven- 
ules. 

Deposition of gamma globulin was apparently selective, since other proteins, 
that is, albumin and fibrinogen, were absent from involved foci. Of particular 
interest was the marked affinity for eosin shown by tissue sites containing bound 
gamma globulin. This affinity could be recognized in many instances in parallel 
sections stained by routine hematoxylin-eosin. It was also effectively demon- 
strated by fluorescence microscopy, with highly dilute solutions of eosin as a 
fluorochrome stain (FIGURE 3). ‘Tissue sites with affinity for eosin emitted 
brilliant yellow fluorescence, while normal sections were not stained at the test 
dilution. The sites of affinity for eosin included all the foci of gamma globulin 
distribution described above, including myofibers, connective tissue, and vessel 
walls. The finding of intensely eosinophilic-staining myofibers comparable in 
intensity to fibrinoid in rheumatic hearts has also been described recently by 
Murphy." A further evidence of tissue alteration at the sites of gamma globu- 
lin deposition was the observation that such sites gave intense staining with the 
Schiff periodic reagent. 

Thus a selective deposition of gamma globulin was associated with objective 
evidence of tissue alteration in a significant proportion of the rheumatic heart 
specimens. Could this deposition of gamma globulin be related to an auto- 
immune reaction with one or more constituents of heart tissue, resulting in tis- 
sue damage? It was in an attempt to answer this question that the sera of 
patients with rheumatic fever and rheumatic heart disease were examined for 
possible reactivity with normal or rheumatic heart tissue sections. ‘The method 


of detecting such reactivity was the indirect immunofluorescence technique, | 


and the agent employed for this purpose was fluorescein-labeled rabbit antihu- 
man gamma globulin. 
The results of such tests indicated that serologic reactivity with heart tissue 
could indeed be detected in the sera of certain patients with rheumatic fever or 
rheumatic heart disease. Two serologic factors, in fact, were distinguished. 
The first of these yielded a staining pattern with myocardium that involved 
especially the outward edge of the subsarcolemmal sarcoplasm of the myofiber, 


* The collaboration of Frederick Dallenbach, of the Department of Pathology, Peter Bent 


Brigham Hospital, Boston, Mass., in reviewing many of i i i 
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Ficure. 1. Top, auricular appendage (patient For); bound gamma globulin within myo- 
cardial cells, as deposits within substance of sarcoplasm as well as in sites between myofibrils 
and in sarcolemma; lesser deposits in interstitial connective tissue. 400. Bottom, auricular 
appendage (patient For); bound gamma globulin within myocardial cell, in spaces between 
myofibrils as well as in interstitial connective tissue and sarcolemma of neighboring cells; 
large round or ovoid bodies contain red fluorescent pigments. 400. Lightest areas are 
green fluorescence due to immunofluorescent reaction, in this and following photographs. 
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FicurE 2. Top, auricular appendage (patient Lau); low-power view of section exhibiting 
bound gamma globulin in focal scattered deposits within myocardial cells, interstitial con- 


nective tissue, and vessel walls. 100. Bottom, auricular appendage (patient For); bound 


gamma globulin in wall of arteriole and in sarcolemma of neighboring myofibers, as well as 
in interstitial connective tissue. ><400. 
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Ficure. 3. Top, auricular appendage (patient For); section is stained with dilute eosin 
as fluorochrome; sites of eosin binding include amorphous and rodlike masses within myofibers, 
sarcolemma, interstitial connective tissue, and vessel walls; normal or pathological control 
heart sections are nonreactive at this eosin concentration; compare with bound gamma glob- 
ulin distribution in FIGURE 1 (top). 200. Bottom, auricular appendage (patient Lau); 
section stained with dilute eosin as fluorochrome; segments of myofibers, including sarcoplasm 
and sarcolemma, show marked affinity for eosin. 200. 
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usually with a lesser diffuse reaction with the substance of the sarcoplasm. This 
subsarcolemmal-sarcoplasmic pattern is illustrated in FIGURE 4, The second 
reactive pattern involved sites within the sarcoplasm in juxtaposition to the 
myofibrils. This pattern, given the name intermyofibrillar, is illustrated in 
FIGURE 5. Both types of histological pattern were observed in sera reactive 
with autologous as well as with homologous heart, and with nonrheumatic as 
well as with rheumatic hearts. Serologic reaction due to blood group isoanti- 
bodies involved capillaries and connective tissue, but not myofibers, as shown 
in FIGURE 6. 

For confirmation of these two immunofluorescent staining reactions more tra- 
ditional serologic methods were used. Inasmuch as both patterns of reaction 
could be abolished completely by treatment of. the sections with ethanol or 
methanol and not with acetone or ether, it was assumed that the antigens were 
alcohol-extractable and that serologic tests might be developed in which alco- 
holic extracts of human heart were used as antigen. It was recalled that Osler 
et al.28 had successfully demonstrated, some years ago, positive complement 
fixation reactions with alcoholic extract of human heart in the sera of a large 
proportion of patients with rheumatic fever and of a lesser proportion of pa- 
tients with certain other conditions. Alcoholic extracts of human heart were 
prepared according to the methods of these authors, and complement fixation 
tests were carried out with positive sera that had exhibited either subsarcolem- 
mal or intermyofibrillar patterns of reactivity. The serologic properties of the 
two types of sera were different. Complement fixation was obtained with sub- 
sarcolemmal-reactive sera, but not with intermyofibrillar-reactive sera. With 
respect to the former, a fair correlation could be demonstrated between the 
complement fixation and immunofluorescent tests. The intermyofibrillar-re- 
active sera, however, as well as subsarcolemmal-reactive sera gave positive 
flocculation reactions with alcoholic extracts of heart. Demonstration of the 
flocculation reaction was best carried out with the presence of polystyrene latex 
particles treated with a fresh alcoholic extract of human heart. The results 
are shown in TABLE I. Correlation between latex tests and immunofluorescence 
was not perfect, since occasional sera were encountered with positive floccula- 
tion and negative fluorescence, as noted with the last serum listed in the table. 
The specificity of the immunofluorescent staining, however, was supported by 
absorption tests with cholestrinized alcoholic extracts of human heart, which 
completely abolished the staining reactions of both subsarcolemmal and inter- 
myofibrillar patterns. 

With fluorescent antibody specific for 19S gamma globulin,” the serologic 
activity of the 19S component of sera could be tested by the indirect immuno- 
fluorescent method. Of 50 sera reacting positively with heart tissue, as deter- 
mined with fluorescent anti-7S gamma globulin, only 4 were reactive also when 
fluorescent anti-19S gamma globulin was employed. The pattern was of the 
subsarcolemmal type in these 4 cases. Only 1 patient has been observed with 
reactivity due to 19S gamma globulin alone. 

; The frequency of occurrence of these 2 serologic factors in the sera of 500 pa- 
tients selected from a general hospital population is shown in TABLE 2. Of 
this group, 16.8 per cent gave positive reactions. Most of these showed the 
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Ficure. 4. Top, subsarcolemmal-sarcoplasmic pattern of staining exhibited by interac- 
tion of serum from patient with rheumatic carditis and normal heart; vessel wall and adventi- 
tial and interstitial connective tissue nonreactive. 200. Bottom, subsarcolemmal-sarco- 
plasmic pattern of staining given by serum from postcommissurotomy patient reactive with 


normal heart. ><200. 
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subsarcolemmal pattern. In TABLE 3 the clinical categories of the positively 
reacting sera are given. Neither of the 2 reactive patterns was found specific 
for rheumatic fever or rheumatic heart disease; positive reactions were detected 
also in certain patients with rheumatoid arthritis, disseminated lupus, chronic 


Ficure 5. Top, interm i 
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Ficure 6. Pattern given by isoimmune bodies to blood group substance A, present in 
this heart tissue within the capillary walls and interstitial connective tissue; no reaction is 
observed with myofibers, indicating that heart-reactive factors are absent in this serum. 
200. ; 


TABLE 1 


SEROLOGIC REACTION WITH ALCOHOLIC EXTRACT OF HuMAN HEART BY 
Latex PARTICLE AGGLUTINATION TECHNIQUE 


Serum no. Serum titer Immunofluorescent staining pattern 
1010 8 Ssl* 
1400 32 Ssl 
1350 32 Ssl 
2691 32 Ssl 
1176 32 Imft 
2724 32 Imf 
2403 16 Imf 
1754 0 0 
2028 0 0) 
1240 0 0 
2582 16 0 


* Subsarcolemmal pattern of serum reaction. 
t Intermyofibrillar pattern of serum reaction. 
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liver disease, and in certain other conditions. Of special significance was the 
observation that positive responses were encountered most frequently in pa- 
tients with rheumatic heart disease, following cardiac surgery. Furthermore, 


TABLE 2 
FREQUENCY OF OCCURRENCE OF SUBSARCOLEMMAL AND INTERMYOFIBRILLAR 
REACTIVE FACTORS IN THE SERA OF 500 HosPITALIZED PATIENTS, 
AS DETERMINED BY THE IMMUNOFLUORESCENT METHOD 


No. of sera tested 500 

No. of sera positive 84 (16.8%) 

No. of sera giving positive reaction of subsarcolemmal pattern 67 (13.4%) 

No. of sera giving positive reaction of intermyofibrillar pattern 17. (3.4%) 
TABLE 3 


DISTRIBUTION OF POSITIVELY REACTING SERA BY CLINICAL CATEGORY 


. ° - a le le 
Dinmnoniciateeory | a lnm, | Noses ah ae 

Acute rheumatic fever 40 10 (25%) 0 (0%) 
Rheumatic heart disease 67 10 (14.9%) 3 (4.5%) 
Rheumatic heart disease postval- 

vuloplasty 39 27 (69%) 6 (15.4%) 
Rheumatoid arthritis 27 5 (18.5%) 1 (3.7%) 
Systemic L.E. 11 2 (18.2%) 3 (27.2%) 
Chronic liver disease 38 7 (18.4%) 2 (5.39%) 
Miscellaneous* 8 6 2 


* Subsarcolemmal reactions were noted with sera from one each of the following cases: 
anaphylactoid purpura, serum sickness, paroxysmal nocturnal hemoglobinuria, idiopathic 
pulmonary hemosiderosis, lung carcinoma, and acute streptococcal pharyngitis. 

Intermyofibrillar reactions were noted with sera from one each of the following cases: 
anaphylactoid purpura and scleroderma, 


TABLE 4 


SEROLOGIC REACTIONS OF RHEUMATIC PATIENTS wITH AUTOLOGOUS HEART PRE- AND 
Post-CarDIAC SURGERY AS DETERMINED BY IMMUNOFLUORESCENT REACTION* 


Patientne: Subsarcolemmal reaction 0 to5 days} Subsarcolemmal reaction 8 to 21 
before surgery days after surgery 

1 0 +++ 
: 0 +t44 
3 0 mat 
4 0 +a 
: 0 ++ 
6 0 a4 

0 ++ 


* Intensity of staining reaction with autologous heart graded from 0 to ++-+-+. 


as shown in TABLE 4, this serologic activity appeared in the sera in 1 to 3 weeks 
following cardiac surgery, suggesting that surgical damage to the heart serves 
as a stimulus for eliciting these factors reactive with autologous tissue. From 
1 patient with postcommissurotomy syndrome, auricular tissue, pre- and post- 
valvuloplasty sera, and pleural fluid specimens were available for study, and 


Kaplan: Autoantibodies in Rheumatic Fever 987 


revealed an enhanced reactivity to autologous heart in postvalvuloplasty sera 
and pleural fluid. 

Since, as described above, bound gamma globulin could be detected within 
the cardiac myofibers in a significant proportion of patients with rheumatic 
heart disease who come to cardiac surgery, is it possible to conclude that the 
gamma globulin in the auricular biopsy specimens is derived from circulating 
autoantibodies to myofiber constituents that have become fixed in vivo? This 
seems to be the simplest and most logical interpretation of the data. However, 


‘it may be too simple. 


First, the presence of heart-reactive factors was detected in sera of cases in 
which cardiac involvement was not evident. Questions are thus raised: first, 
as to the pathogenetic significance of these “autoantibodies” and, second, as to 
the organ-specificity of the autoimmunizing antigens. The question of organ 
specificity has not yet been fully investigated, although preliminary immuno- 
fluorescent experiments indicate that the reactive antigens are present also in 
the striated muscle of the skeletal system. 

Next, bound gamma globulin in the rheumatic hearts was noted also in inter- 
stitial connective tissue and in vascular walls. It is conceivable that gamma 
globulin deposited in the interstitium represents either a reaction of autoanti- 
bodies with sarcoplasmic antigens released from myocardial cells into these sites 
or a distribution of the same materials as antigen-antibody complexes. Locali- 
zation of antigen-antibody complexes in vessel walls in experimental serum 
sickness has been described by Dixon and his associates.** On the other hand, 
other possibilities must also be considered, for example, association of the 
gamma globulin in connective tissue and vascular walls with separate immuno- 
logical systems related to these sites or, alternatively, association of bound 
gamma globulin with an unknown nonimmunological mechanism of tissue al- 
teration or inflammation. These considerations relating to the nature and 
function of gamma globulin deposits summarize the difficulties of interpretation 


- inherent in all recent studies of the lesions of connective tissue in which fluores- 


cent antibody methods were used (see Kaplan* for a review of this problem). 
The theoretical possibilities stated here are neither supported nor negated by 
present observations. 

With respect to the possible relationship of the group A streptococcus to the 
observations reported in this paper, no satisfactory data can be presented. 
Only 25 per cent of our patients with acute rheumatic fever* who exhibited car- 
ditis on admission showed the presence of serum factors. Clinical analysis of 
this group will be presented in detail subsequently. The hypothesis that one 
or more toxic substances elaborated by the streptococcus will initiate the cardiac 
or tissue damage responsible for stimulation of these serum factors is conceiva- 


_ble, but also remains to be proved. 


On the other hand, the high frequency of occurrence of heart-reactive factors 


in the sera of rheumatic patients following cardiac surgery suggests strongly 


that the damage to heart tissue during cardiotomy is the factor evoking produc- 
tion of these autoimmune bodies. It is as yet not clear how the presence of 
serum factors reactive with muscle can be reconciled with the clinical signs and 


* The collaboration of Benedict F. Massell in the selection of patients included in this study 


_ is acknowledged with pleasure. 
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symptoms of the postcommissurotomy syndrome, which usually affects pies 
and pericardium and only infrequently myocardium. : cues considera- 
tion perhaps might be given to the postinfarction syndrome and other post- 
cardiotomy and postpericardiectomy syndromes® as analogous clinical mani- 
festations following reaction to damaged myocardium. Whether these serum 
factors in themselves have pathogenetic significance or whether they reflect 
the participation of a separate immunological mechanism of more direct im- 
portance, within a population of altered or increased immunologic responsive- 
ness, seem to be the central problems next to be explored. 


Summary 


Previous reports of presumptive autoantibodies to heart tissue in the sera of 
patients with rheumatic fever are reviewed, as well as the immunological litera- 
ture relating to heart tissue as a source of autoantibody. 

In studies of rheumatic hearts, bound gamma globulin was detected in 18 of 
100 auricular appendages and in 2 of 4 hearts of patients dying of acute rheu- 
matic carditis. These deposits occurred throughout the myocardium, involv- 
ing especially segments of sarcolemma, subsarcolemmal sarcoplasm, interstitial 
connective tissue, and vessel walls. Normal or pathological control heart tis- 
sues were negative. Associated with these gamma globulin-containing sites 
were evidences of tissue alteration, as indicated by enhanced affinity for eosin, 
and intense reactivity with the periodic acid—Schiff stain. 

Sera from certain patients with rheumatic fever, rheumatic heart disease, and 
a few other conditions demonstrated marked reactivity with homologous or 
autologous heart tissue, as revealed by immunofluorescence, complement fix- 
ation, and agglutination tests. At least 2 separate alcohol-soluble constituents 
of myocardial cell sarcoplasm were recognized as reactants. Serologic activity 
in most sera was attributable to gamma globulins of the 7S species; in a few 
sera, this reactivity was due also to 19S gamma globulin. These reactive fac- 
tors occurred with particularly high frequency (85 per cent) in the sera of pa- 
tients following mitral valvuloplasty. 

The finding of bound gamma globulin in myocardial cells of rheumatic tissues 
in a pattern similar to the immunofluorescent reactivity of these autoantibodies 
raises the question of their participation in the pathogenesis of rheumatic heart 
disease. The participation of an immunological mechanism in the pathogenesis 
of the postcommissurotomy syndrome is suggested. The requirement of evi- 
dence in stringent proof of these hypotheses is discussed. 
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Discussion 


Dona p F. B. Cuar (Department of Pathology, School of Medicine, University 
of Washington, Seatile, Wash.): Experimentally produced cardiac lesions have 
been studied extensively in many laboratory animals. In view of the proved 
relationship of the group A beta hemolytic streptococci to the characteristic 
tissue alterations of rheumatic fever, it is inevitable that a vast amount of ex- 
perimentation has been recorded in attempts to produce rheumatic carditis in 
lower animals. Various degrees of success have been claimed by investigators 
in their ability to reproduce the cardiac lesions of rheumatic fever. 

The greater part of this work has been based on first establishing a state of 
hypersensitivity by the injection of suitable antigens. However, there is ad- 
ditional evidence that similar lesions may be produced in animals in the ab- 
sence of hypersensitivity. There is little doubt that these cardiac lesions are 
frequently similar to some of the structural changes noted in the evolution of 
rheumatic fever. 

There is a wealth of clinical data available in the post-mortem examinations 
of hearts of patients dying from known group A streptococcal infections, partic- 
ularly scarlet fever, and it is most interesting to note that they have most of 
the features that many of the experimenters have claimed were pathognomonic 
of the tissue alterations of rheumatic fever. There is additional evidence to 
support the hypothesis that these acute cardiac lesions in known streptococcal 
infections are not synonymous with the Aschoff lesions of rheumatic fever in 
man. 

We have employed group A streptococcal as well as nonstreptococcal sub- 
stances in producing acute changes in the hearts of young rabbits. The Group 
A streptococcal material was prepared as filtrates of sonically disrupted bac- 
teria. Single injections of these agents as well as multiple injections of these 
same materials produce cardiac damage; the latter do so in the absence of 
circulating antibodies. We can produce extensive cardiac damage with single 
injections of large doses of group A streptococcal materials that are as well 
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Kaplan: Autoantibodies in Rheumatic Fever 991 


- marked as those produced by the generalized Shwartzman reaction employing 


the same materials. The lesions we have produced are similar to those of 
other investigators who use the same or different materials. 

By employing a variety of histochemical and immunochemical techniques 
and comparing the results to similar observations of human rheumatic carditis 


as well as scarlet fever myocarditis, the relationship between the experimental 


changes and the naturally occurring diseases may be demonstrated. It would 
seem that the experimental production of certain types of cardiac damage in 
laboratory animals is not a difficult problem. However, great caution must 
be exercised in attempting to extrapolate the results to a specific human disease 
such as rheumatic carditis. 


STUDIES IN RHEUMATIC FEVER: III. HISTOCHEMICAL 
REACTIVITY OF THE ASCHOFF BODY* 


Bernard M. Wagnert 
Department of Pathology, School of Medicine, U: niversity of Washington, Seattle, Wash. 


The Aschoff body continues to be the tissue hallmark of rheumatic carditis. 
Our knowledge of this structure is based largely on accumulated series of post- 
mortem observations. Detailed morphologic studies in fatal cases of rheumatic 
carditis, when correlated with the clinical course, have yielded data relating 
“clinical” and “tissue” activity! With the advent of cardiac surgery for the 
correction of rheumatic mitral valvular disease, biopsy material became availa- 
ble for histological analysis. These intra vitam tissues provided an unusual op- 
portunity to study the rheumatic process in a dynamic manner. 

Since 1954, our laboratory has studied 812 biopsies of the left auricular ap- 
pendage obtained during mitral valvotomy. In this series, 23 per cent demon- 
strated Aschoff bodies in various stages of evolution. However, in only 16 
cases were the classic histological criteria fulfilled for the tissue diagnosis of 
“acute rheumatic carditis.”” In all cases, preoperative clinical diagnosis was 
“chronic, inactive rheumatic mitral valvular disease.” The clinical significance 
of the tissue findings has been discussed in previous publications.” The pur- 
pose of this paper is to present a detailed histochemical and immunochemical 
study of the Aschoff body in an attempt to define this pathognomonic structure 
by its chemical reactivity. 


Materials and Methods 


A total of 268 left auricular appendage biopsies was prepared for special study; 
the remaining 544 specimens had been fixed in 10 per cent formalin and proc- 
essed in a routine manner. The tissues were received in the laboratory within 
10 minutes after removal from the heart. After bisecting the tissue along its 
longitudinal axis, one half of the specimen was cut into small squares and quick- 
frozen in liquid nitrogen-chilled isopentane. The frozen samples were trans- 
ferred to dry, rubber-capped glass bottles and immediately stored at —70° C. 
The other half of the original biopsy was subdivided, and samples were fixed 
in cold absolute acetone, cold buffered neutral formalin, and modified Carnoy 
solution (3 parts absolute alcohol:1 part glacial acetic acid). The frozen tis- 
sues were cut in a cryostat at —15 to —18°C. All fixed samples were paraffin- 
embedded and serially sectioned at 5 u. Fluorescence microscopy was carried 
out utilizing a Leitz UAM microscope and a water-cooled GE-AH6 light source. 
Filter systems were based on the type of fluorescent dye used. For fluorescein 
isothiocyanate-labeled proteins, the techniques of Vazquez and Dixon® were 
employed. When lissamine rhodamine RB 200 was the fluor, the methods of 
Chadwick el al.° were used. The histochemical methods used have been de- 
scribed in previous publications from this laboratory.” The enzyme digestion 


* The work described in this paper was supported in part by G - 
National Institutes of Health, Public Health avid Bethessac Mia mre SS 
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_ studies and methods of optical quantitation have been standardized for analy- 
sis of fibrinoid as indicated in previous reports.!° 

Results 


The Aschoff body: definition. Controversy continues to exist as to whether 
the lesions observed in the endocardium of these biopsy specimens are really 
Aschoff bodies. The classic descriptions of the Aschoff body were reviewed, 


TABLE 1 
TIssuES STUDIED IN ANALYsIs OF AscHorr Bopy 


Material g enc Histochemical 

Fulminating, fatal acute rheumatic carditis* 42 6 
Chronic rheumatic heart disease, death due to congestive 

failure 30 3 
Subacute bacterial endocarditis complicating rheumatic 

heart disease 8 4 
Death in the postoperative period following mitral val- 

votomy 26 16 

Left auricular appendage biopsies 812 268 


* Made available from the collection of Rachel Ash during the period 1926 to 1936. 


TABLE 2 
HISTOLOGICAL CRITERIA USED FOR THE IDENTIFICATION OF THE ASCHOFF Bopy 


Connective tissue: 
Focal swelling and fragmentation of collagen fibers. 
Fibrinoid may or may not be present. 
Elastic fibers usually not involved. 
Cells: 
Anitschkow cells usually present. 
Aschoff cells: serrated, intranuclear, bar-shaped chromatin; basophilic, ragged, vague 
cytoplasm. | 
Lymphocytes frequently present. 
Plasma cells may be present. 
Inflammation: ; 
Polymorphonuclear leukocytes: in acute cases. ‘ : J 
Lymphocytes, plasma cells: variable degree of infiltration, usually focal (chronic active?, 
recurrent?) 


and a study similar to that of Gross and Ehrlich was made. Taste 1 indicates 
the tissues studied. In 1934, Gross and Ehrlich! stated that much of the con- 
fusion in the descriptive literature up to that date was due to the fact that dif- 
ferent stages in the life cycle of the lesion were emphasized by various authors 
as the “typical Aschoff body.” These authors further stated that the endo- 
cardial and subendocardial Aschoff bodies were usually compressed and elon- 
gated. The Aschoff cells were scattered throughout swollen collagen fibers 
and, if the collagen fibers were dense and compact, the cells would be irregularly 
compressed and assume bizarre polymorphous shapes. Saphir again has 
called attention to the need for rigorous criteria in identifying the Aschoff body 


in human tissues. 
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Thus it is of importance to state clearly at the outset what is under considera- 
tion in this paper when the term Aschoff body is used. TABLE 2 states the 
structural criteria for the identification of this lesion, which are in full agree- 


Ficure 1. A typical endocardial Aschoff body in a left auricular appendage biopsy 
Hand E. X175. 


TABLE 3 
CLASSIFICATION OF AURICULAR APPENDAGE BIOPSIES 


Routine study Histochemical study 
Acute rheumatic carditis 16 9 
Aschoff bodies present 171 78 
Nonspecific changes 625 181 
812 268 


ment with those of the majority of workers in this field. The results of the 
histochemical studies are based almost entirely on the biopsy specimens (TABLE 
3). Frcure 1 is a typical example of the lesions studied. 


Connective Tissue Changes 


Tn almost every Aschoff body studied the collagen fibers in and immediately 
around the lesion showed structural changes. These were best seen with the 
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van Gieson and aniline blue-chromotrope 2R staining methods. The collagen 


fibers were fragmented and swollen with variable degrees of compactness. 
Ficure 2 shows the collagen fiber alterations with an increase in interfibrillar 
ground substance. Collagen fiber changes were observed as focal lesions and 
on serial section examinations, these altered fibers blended with normal Age 
once beyond the limits of the Aschoff body. Attempts were made to utilize 
preparations of collagenase to digest the fibers as a histochemical method with- 
out success. Elastic fiber stains and silver methods showed the elastic fibers 


Ficure 2. Region of an Aschoff body without nuclear counterstain. Note the swollen, 
fused, and fragmented collagen fibers. Fibrinoid material present. Aniline blue-chromo- 


trope 2R. X175. 


to be essentially intact. Faintly staining, short argyrophilic fibers could be 
identified especially if fibrinoid material was present. Elastic fibers also could 
be visualized by their intense autofluorescence. 

In almost all cases, increased acid mucopolysaccharides of the ground sub- 
stance could be demonstrated primarily in the central area of the Aschoff body 


and also in the periphery. TABLE 4 indicates the methods used to characterize 


: 
= 
+ 


the acid mucopolysaccharides. The intensity of the reactions decreased as 
fibrosis or repair increased. FIGURE 3 shows an area of fibrinoid staining in- 
tensely metachromatic with toluidine blue. The positive histochemical and 
immunohistochemical reactions of the ground substance were increased in in- 
tensity when fibrinoid was present. The reactivity of the acid mucopolysac- 
charides strongly suggests that they are of the sulfated type. Metachromasia 
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was frequently present in the absence of fibrinoid, and the reaction could be 
blocked effectively by the action of testicular hyaluronidase. The Alcian blue 
and colloidal iron reactions closely paralleled the demonstration of metachro- 
masia. The testicular hyaluronidase preparation used demonstrated chron- 
dromucinase activity as well. 


The histochemical reactions for various general types of proteins, reactive 
groups, and two amino acids (TABLE 4) in the ground substance varied with the | 
intensity of the lesion. Developing Aschoff bodies (TABLE 5) demonstrated the 


most intense reactions, which then decreased as the mature structure evolved. 
When the Aschoff body began to show signs of healing, as noted by decrease in 


number of cells with wide scatter and sclerosis, these reactions diminished — 


TABLE 4 


HISTOCHEMICAL ANALYSIS OF GROUND SUBSTANCE IN THE ASCHOFF Bopy 


Muco polysaccharides: 
Toluidine blue, aq. pH 4.5 
Sulfation-metachromasia 
Streptococcal hyaluronidase digestion 
Testicular hyaluronidase digestion 


Schiff reaction 
Periodic acid-Schiff reaction (PAS) 
Periodic acid-phenylhydrazine-Schiff 
Alcian blue-chromotrope 2R 
Colloidal iron—PAS 
B-Glucuronidase, diastase, collagenase 
Proteins: 
DNA (Feulgen method) 
RNA (methyl green-pyronine, Azure A-ribonu- 
clease) 


metachromasia + to +++ 
slight increase 
no effect 


complete inhibition of metachro- — 


masia 
no free aldehyde groups 
strate geOotaataale 
no reaction, aldehydes blocked 
mip Oa aes 
= ol COle tae taete 


no specific effects 


usually negative, except in acute — 


carditis + to ++ 


Basic proteins Ol 
Protein-bound amino groups — tock 
Protein-bound SH and SS groups —to++ 
Tyrosine + to ++ 
Tryptophane + to ++ 
Lipids: 
Neutral fat _ 
Phospholipids + to ++ 
Key: + to ++--, intensity of positive reaction; —, no reaction. 


markedly in their intensity and frequency. The demonstration of phospho- 
lipids also correlated with the early phases in the life cycle of the lesion. 

In addition to the histochemical procedures for proteins, the immunohisto- 
chemical methods as listed in TABLE 6 were of value. Gamma globulin was 
regularly localized in varying intensity. Localization was usually in the con- 
nective tissue in and around the Aschoff body, with frequent streaks in the ad- 
jacent areas. Fibrin was localized infrequently and with questionable inten- 
sity. An interesting observation was the more frequent localization of fibrin 
in fibrinoid. However, this localization never reached the intensity and fre- 
quency of gamma globulin. Attempts to localize Group A streptococcal protein 
in the region of the Aschoff body were not successful. The application of di- 
rectly labeled streptococcal sonicated proteins and streptolysin O in an attempt 
to demonstrate antibodies to these substances was also unsuccessful. 
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The response of fibrinoid to various enzymes as shown in TABLE d suggests 
that this material is rich in proteins and acid mucopolysaccharides. The ability 
of plasmin to alter the fibrinoid deposits significantly was quite variable and 
more pronounced in the post-mortem studies. This result is under further 
investigation. Previous studies have shown that the Aschoft bodies in the 
endocardium of the left auricular appendage and in the ventricular stroma are 


TABLE 5 
HIstocHEMICAL ANALYSIS OF ASCHOFF CELLS IN THE ASCHOFF Bopy 


Positive results 


Nucleus: 
DNA sete 
Basic protein ++ 
Protein-bound amino groups + 
Cytoplasm: 
RNA em 
Alpha-amino groups te 
SH and SS groups +to+ 
Tyrosine, tryptophane +-+(?) 
Acid mucopolysaccharide +4 +. 
Acid phosphatase +++ 
Alpha naphthyl esterase +++ 
Aminopeptidase +4 


Key: + to +++4, intensity of positive reactions. 


TABLE 6 
IMMUNOHISTOCHEMICAL ANALYSIS OF ASCHOFF BODY 


Fluor Connective tissue Fibrinoid 
Rabbit antihuman y globulin + to ++ +++ 
Rabbit antihuman fibrin —to+ + to ++ 
Rabbit antihuman albumin —to+ —tot 


Rabbit antistreptococcal protein 
Streptococcal sonicate 
Streptolysin O 

C-reactive protein 


: Key: + to +++, intensity of fluorescence. Rabbit antibodies labeled with fluorescein 
isothiocyanate,* other proteins labeled with lissamine rhodamine RB 200.+ 

* Sylvana Chemical Co., Orange, N. J 

} Imperial Chemical Industries, Manchester, England. 


similar.?,>,° General topographical considerations, however, may influence the 
frequency, rate, and quantity of chemical substances present. FIGURE 4 shows 
the removal of fibrinoid by mild tryptic proteolysis. 

The Aschoff cell, which is derived from the Anitschkow cell, was studied as 
shown in TABLE 5. The nuclear reactions for proteins were positive for DNA, 
basic proteins, and reactive amino groups. F1iGuRE 5 shows the typical ser- 
rated bar-shaped intranuclear chromatin of several Anitschow cells following 


the aniline blue-chromotrope 2R procedure. The same intranuclear pattern 
was observed in Aschoff cells. 


; 
‘ 
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The cytoplasm of the Aschoff cell gave an intense reaction for RNA and reac- 
tive alpha amino groups. The various reactions for connective tissue and 
fibrinoid acid mucopolysaccharides frequently showed staining of the Aschoff 
cell cytoplasm. This may represent diffusion artifact. Frcure 6 shows the 
reaction for acid phosphatase using the Gomori technique. Note the oc- 
casional nuclear reaction due to cytoplasmic diffusion. The reaction for ester- 
ase using alpha naphthyl acetate as a substrate and naphthanil diazo blue B as a 
coupling agent is shown in Ficure 7.2 There appears to be intense cytoplas- 
mic activity with apparent nuclear involvement. Aminopeptidase activity was 
determined using 1-leucyl-8-naphthylamide as a substrate and diazotized o- 
aminoazotoluene as the diazonium coupler.“ Ficurr 8 shows this reaction 
without counterstain. 


TABLE 7 
SUSCEPTIBILITY OF FIBRINOID TO ENzyME ACTION 


Aschoff bodies 


Enzyme 
Auricular appendages Ventricular myocardium 
Trypsin* of ol. oh spe 
Pepsin Se + -- 
Plasmin —to+ ote 
Strep. hyaluronidase = = 
Test. hyaluronidase* ++ ate 
B-Glucuronidase* = a 
Collagenaset = % 


Key: + to +++, slight to complete digestion; —, no effect. 
* Worthington Biochemical Corp., Freehold, N. J. 
{ Agricultural Biochemical Co., Lynbrook, N. Y. 


Discussion 


There can be little doubt that the lesions observed in surgically removed left 
auricular appendages are truly Aschoff bodies. Gross!® clearly reviewed the 
various stages of this lesion in the left auricle. Reports from various parts of 
the world are in essential agreement with the established findings.’*."8 The 
clinical significance of these Aschoff bodies, however, has not been determined. 
In order to understand more fully the nature of this unique structure, the stud- 
ies described were undertaken. 

The observations confirm the widely held notion that collagen fiber damage is 
an essential component of the connective tissue changes in the evolution of the 
Aschoff body. Detailed studies of this point by various workers” -¥.'¢.” fur- 
_ ther support this evidence, and it is difficult to understand Murphy’s® state- 
- ment that Aschoff bodies can develop without evidence of collagen changes. 

The demonstration of increased acid mucopolysaccharides in the Aschoff 
body also has been reported by others."-!® However, the data obtained indi- 
cate that the mucopolysaccharides are highly sulfated and in association with 
proteins. This material may be related to the mucopolysaccharides of heart 
valve. Deiss and Leon? considered this to be a mixture of two chondroitin 
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Freure 5. Anitschkow cells developing in connective tissue stroma adjacent to an As- 
choff body. Note the distinct intranuclear chromatin pattern. The chromatin basic pro- 
teins stain intensely with chromotrope 2R. Aniline blue-chromotrope 2R. 360. 


Ficure 6. Acid phosphatase reaction (Gomori). Note the intense staining of the As- 
choff cells with nuclear diffusion. Central area of fibrinoid. No counterstain. 175, 
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sulfates and hyaluronic acid. Strukov and Orlovskaya” consider the accumu- 
lation of acid mucopolysaccharides to be intimately associated with the break- 
down of collagen to procollagen. We were unable to confirm their observations 


concerning the action of clostridial collagenase on the altered collagen in the © 


Aschoff body. h 

The exact character of the proteins complexed with the mucopolysaccharides 
remains unknown. The observations in this paper show the presence of basic 
proteins with reactive alpha-amino, SH, and SS groups. Fluorescent antibody 
studies localize gamma globulin in this area. A composite picture emerges that 
might be visualized as follows: (1) simultaneous change in collagen fibers and 
ground substance, (2) focal fragmentation and swelling of collagen with in- 
creased chondroitin sulfates, and (3) proteins increased with specific identifica- 
tion of gamma globulin. 

At this point rheumatic fibrinoid should be considered. While the above 
theoretical sequence of events may take place without fibrinoid, the presence of 
fibrinoid intensifies the alterations. Thus the fibrinoid in the Aschoff body ap- 
pears to be derived from altered collagen, acid mucopolysaccharides, and pro- 
teins when the process is accelerated. Repeated attempts to define fibrin as a 
major component of this fibrinoid have been unsuccessful. Other investiga- 
tors® 1720.21 have reported similar results, and the positive findings of fibrin by 
one group” are difficult to explain. The enzymatic digestion pattern of fibrin- 
oid suggests that proteins constitute the significant portion. It is not possible 
to distinguish the gamma globulin localized from immune or serum globulin. 

The origin of the Aschoff cell has been proposed from myofibers,'* fibroblasts” 
and histiocytes.’ In previous reports?’? we have demonstrated that on the basis 
of anatomical considerations the myofiber theory did not seem possible. The 
reactivity of the cytoplasm of the Aschoff cell clearly sets it apart from normal 
and degenerating cardiac myofibers. Fibroblasts in the vicinity of the Aschoft 
body do not demonstrate the histochemical reactions of the Aschoff cell. How- 
ever, Anitschkow cells frequently show patterns similar to those of the Aschoff 
cell. The presence of cytoplasmic acid phosphatase and alpha naphthyl ester- 
ase in the Aschoff cell is similar to findings by Braunstein e¢ a/.*4 in lymph node 
histiocytes. Also, the studies of Gropp and Hupe”® and Gusek?* indicate the 
presence of these enzymes in macrophages. While no specific enzyme pattern 
is known for histiocytes, fibroblasts, and myofibers, nevertheless, the total ob- 
servations strongly suggest that in the Aschoff body the Aschoff cell can be 
readily identified. It is tempting to speculate that the Aschoff cell represents 
a specialized mesenchymal cell of the histiocyte-macrophage type. This would 
then Bees the Anitschkow cell as a cardiac histiocyte, a term previously em- 
ployed. 

As a final structured tissue change, the Aschoff body fulfills the criteria for a 
granuloma. ‘The histochemical studies confirm and extend this concept. At- 
tempts were made to localize Group A streptococcal proteins and certain anti- 
streptococcal antibodies in the Aschoff body. These studies were uniformly 
unsuccessful. A more detailed exploration of other streptococcal materials to 
the pathogenesis of the Aschoff body is under investigation. 

A detailed review of the life cycle of the Aschoff body and the important 
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~ implications of the biopsy studies is beyond the scope of this paper. However, 
the histochemical data serve to extend the parameters of objective evaluation 
of the Aschoff body and allow for identification beyond classic morphology. Of 
equal significance is the need to standardize observations that will allow for the 
recognition of the Aschoff body in an experimental model. The application of 
histochemical procedures to experimentally induced carditis quickly reveals 
the lack of relationship to the human rheumatic process. Finally, the mecha- 
nisms relating Group A beta-hemolytic streptococci to the specific Aschoff lesion 
may now begin to be explored at a histochemical level in man and animals. 
Investigations in these directions are now in progress. 


Summary 


A detailed histochemical study of the Aschoff body as observed in 78 surgical 
biopsies and 9 post-mortem cases is presented. The earliest recognizable 
changes are simultaneous events involving collagen fibers, acid mucopolysac- 
charides, and proteins. The focal connective tissue changes are soon sur- 
rounded by Anitschkow cells and Aschoff cells. The highly characteristic in- 
tranuclear chromatin arrangement separates these cells from myofibers and 
fibroblasts. Enzymatic reactivity of the Aschoff cell cytoplasm suggests an 
origin from histiocytes. The Aschoff body is thus a true granuloma. Rheu- 
matic fibrinoid represents a mixture of substances that vary with the age and 
intensity of the process. The localization of gamma globulin in the fibrinoid 
and connective tissue changes may be of significance. Attention is directed 
to the application of the data to the experimental production of rheumatic 
carditis in animals. 
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Discussion 


JoserH C. Exriicu (Director of Laboratories, Lebanon Hospital, New York, 
N.Y.): Consideration of cardiac lipofuscin, the normally occurring intracellular 
pigment of heart muscle, has some bearing on the problem of the origin of the 
constituent cells of Aschoff bodies. It has been argued that structural details 
of cardiac myofibers disappear as a result of degeneration, and that therefore 
the absence of cross striations and myofibrillae in the cells of Aschoff bodies is 
not inconsistent with their origin from muscle. This argument does not hold, 
however, for lipofuscin. Lipofuscin granules resist degenerative processes that 
destroy other constituents of cardiac muscle cells. In this respect cardiac lipo- 
fuscin is similar to hepatic lipofuscin. The latter is known to resist severe hep- 
atocellular necrosis such as occurs, for example, in acute viral hepatitis; even 
after total destruction of parenchymal cells, lipofuscin pigment released by the 
dead cells is picked up by Kupffer cells and other phagocytes. Similarly, in the 
heart, after infarction with necrosis of myofibers, lipofuscin pigment survives 
and may be demonstrated in phagocytes (including “caterpillar” cells) in the 
stroma in the vicinity of infarcts. The failure to find lipofuscin in Aschoff cells 
must be explained by proponents of the musculogenic theory of the origin of 
these cells. 

Another point concerns rather old-fashioned histochemistry. Degenerating 
cardiac muscle fibers contain sudanophilic lipid. Fine droplets at first and 
coarse fat droplets later, accumulate characteristically within the cytoplasm. 
Sudan stains of frozen sections of hearts with large numbers of Aschoff bodies 
in an early stage of evolution often reveal droplets of sudanophilic lipid in scat- 
tered groups of muscle fibers undergoing degenerative changes, but none in 
Aschoff body cells. This is another fact to be considered in assessing the role 
if any, of degenerating muscle cells in the formation of Aschoff bodies. 
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With Tegard to the occurrence of smooth muscle in heart valves, it should be 
emphasized that this muscle is confined to the endocardial covering of the 
valves. Its occurrence there is not an adequate explanation of the genesis of 
Aschoff cells, because Aschoff bodies are found not only in the endocardium but 
also in the muscle-free fibrous cores of heart valves. Regarding the descent 
of auricular myocardium into valves, this occurs for a short distance only, and 


ie 1. Normal appearance of nuclei of cardiac muscle cells and “caterpillar’’ cells. 
540. 
- Ficure 2. Aschoff body in early stage of evolution. Nuclei of Aschoff body cells contain 
intranuclear axial structures attesting their derivation from “caterpillar” cells. 540. 
(No. A910, Barnert Memorial Hospital, Paterson, N. J. Age, 7 years; first attack of rheu- 
matic fever; ill 6 days prior to admission; died day of admission. Courtesy Jacob Churg.) 
Ficure 3. Multinucleated giant cell in Aschoff body. The intranuclear axial body in 
one of the nuclei of this giant cell is longitudinally sectioned, attesting its “caterpillar’’ cell 
source. Others are tangentially sectioned, creating the so-called “‘owl’s eye” pattern. 540. 
(No. 5102, Paterson General Hospital, Paterson, N. J. Age, 22 months; first attack of rheu- 
matic fever; ill 7 to 10 days prior to admission; died day of admission. Courtesy Herbert 


Cole.) 
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chiefly in the anterior leaflet of the mitral valve. The auricular muscle wedge 
does not descend normally into the posterior leaflet of the mitral valve, a leaflet 
that commonly contains Aschoff bodies. Similarly, striated muscle does not 
occur in the semilunar valves, where Aschoff bodies also may be observed. 

In the last analysis, however, the critical consideration regarding the genesis 
of Aschoff cells has to do with intranuclear morphology—a point that has been 
somewhat neglected. Cases of rheumatic carditis with Aschoff bodies, in which 
there have been repeated attacks or in which the activity, whatever that term 
may mean, has persisted for some time, are not suitable for the study of intra- 
nuclear morphology of Aschoff cells because of changes that occur as the Aschoff 
body itself ages. More suitable are those cases, preferably of very young per- 
sons, in which there is no clinical or anatomic evidence of previous attacks, in 
which the total clinical duration of the disease is very short (a matter of days 
or weeks), and concerning which there is every reason to believe that the Aschoff 
bodies are in an early stage of their evolution. In such hearts, the intranuclear 
morphology of the Aschoff cells is easily and characteristically traceable to the 
normally occurring “‘caterpillar’’ cells, or so-called Anitschkow cells. The axial 
intranuclear body of the caterpillar cells is so structurally distinctive that it 
cannot be confused with cardiac muscle cells. The occurrence of these dis- 
tinctive bodies in the nuclei of Aschoff cells identifies them at once as deriva- 
tives of caterpillar cells (FIGURES 1, 2, and 3). Cardiac giant cells of muscular 
origin are well known because of experience with ordinary myocardial infarcts. 
Such giant cells may or may not contain residual cross striations. However, 
their nuclei retain intranuclear morphologic characteristics similar to nuclei of 
normal cardiac muscle cells and completely different from the nuclei of normal 
caterpillar cells and Aschoff cells.!:?"* 
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THE CARDIAC EFFECTS OF GROUP A STREPTOCOCCAL 
SONICATES IN RABBITS* 


Donald F. B. Char and Bernard M. Wagner 
Department of Pathology, School of Medicine, University of Washington, Seattle, Wash. 


The accumulated data show an overwhelming relationship between group A 
streptococci and rheumatic fever. However, the exact nature of this relation- 
ship in the pathogenesis of the disease remains obscure.!-? There are currently 
two major theories regarding the role of this organism in provoking the cardiac 


_ changes characteristic of rheumatic fever. These hypotheses relate the disease 


either to a hypersensitivity mechanism or to the direct action of biologically 
active materials. In an attempt to elucidate this problem, many investigators 


_ have tried to reproduce the pathological process in animals. A variety of ex- 
perimental systems has been devised utilizing the following agents: (1) horse, 


bovine, duck, and pig sera, and fractions thereof;*8 (2) living and killed strep- 
tococci and various fractions and products thereof; (3) various materials 
from patients suffering from rheumatic fever;!4- (4) combinations of normal 


_ organ extracts and the above-listed materials;!® and (5) histamine, mineral- 


ocorticoids, various Gram-negative endotoxins such as Escherichia coli \ipo- 


_ polysaccharide and meningococcal endotoxin." 


Although the direct acute effects of these agents have been studied, most 


A experiments have employed the delayed hypersensitivity or anaphylactic shock 


is mechanism. The majority of the experiments and observations involved the 


myocardial changes noted in rabbits,?! but other animals have been employed, 


- including the guinea pig,” rat,!® mouse,” monkey," swine,?° and dog.” 


Since 1904, when Aschoff* clearly stated that the granuloma of rheumatic 
fever was unique and specific, this pathognomonic concept has been accepted. 


_ Proof of rheumatic fever in nonhuman hosts therefore would depend largely on 
‘the demonstration of Aschoff bodies in the heart. Various workers have 


claimed that they have reproduced aspects of the tissue changes characteristic 
of rheumatic carditis in lower animals. Attempts to confirm these observations 
and a critical re-evaluation of the data have led us and others”*.?* to conclude 


s, that the Aschoff body has not been noted in animals studied thus far. The 
paper by Bernard Wagner in this monograph confirms and extends previously 


~ held notions concerning the nature of the Aschoff body. 


In 1957, Schwab and Cromartie” described a previously unknown toxic cellu- 


~ dar component of group A streptococci that produced chronic remittent skin 


Ny, 
Be 


lesions in rabbits upon intradermal injection, suggesting that it had a specific 


fs biological effect on connective tissue. Since the earliest morphologic alteration 
- observed in the evolution of the Aschoff body is in the connective tissue, this 
material prepared from sonicated cultures of group A streptococci was of great 


interest. In addition, the sonicates represented a close approximation of in- 


tact but nonviable streptococci. The systemic administration of this material 


to rabbits seemed to be worthy of further study. 
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1009 


1010 Annals New York Academy of Sciences 


The purpose of this paper is to present the findings in rabbits following the 
administration of group A streptococcal sonicates. Special attention has been 
paid to the cardiac changes and their significance as regards specificity. 


METHODS AND MATERIALS 


New Zealand white male rabbits, weighing 2 to 3 kg. each, were maintained 
on a standard ad libitum Purina rabbit pellet ration. 

The type I group A streptococcus was obtained from the laboratory of 
William Cromartie; the types VI and XII streptococci were obtained from 
Russell Weiser. 

The cultivation, harvesting, and extraction of the organisms were carried 
out according to the directions of Schwab. Washed cells from 18-hour cul- 
tures of streptococci in Todd-Hewitt beef heart broth were suspended in phos- 
phate buffer solution (pH 7.0, 0.15 M), subjected to ultrasonic oscillations for 
45 to 95 min., then filtered through a Chamberland L3 filter. The filtrate was 
routinely tested for sterility by subculturing on blood agar plates, and then 
was stored at — 20° C. in sealed ampules until used. Nitrogen content of each 
batch of filtrate was determined by the Kjeldahl method. 

The streptococcal broth filtrate was prepared by filtering broth in which 
type XII streptococcus was grown through a Chamberland L3 filter and was 
tested for sterility before use in the experiments. 

The bovine serum albumin was obtained from a commercial source,* and 
the human serum was derived from a healthy worker in our laboratory. 

Conjugation with lissamine rhodamine RB200 was done according to the 
direction of Chadwick e¢ al.® The conjugated serum proteins served as non- 
specific controls in the experiment. Detailed studies of the tissue distribution 
of rhodamine-labeled serum proteins and streptococcal sonicate are beyond the 
scope of this paper and will be presented elsewhere. 

The Freund’s-type adjuvant employed in some of the experiments contained 
the Mycobacterium butyricum and was prepared in our laboratories. 

In all experiments studying the acute effects of the agent employed, the ma- 
terials were injected intravenously via the marginal ear veins, and the animals 
were observed daily until sacrificed 48 hours after the injection. In the 2-dose 
experiments, the agents were injected initially as above, injected again 24 hours 
later, and the animals were sacrificed at 48 hours. These experiments are 
similar in design to those of Thomas ef al.2! 

In the long-term experiments, the initial injection of the type I streptococcal 
sonicate in Freund’s adjuvant was given, then 3 subsequent intravenous in- 
jections of the same type of streptococcal sonicate without adjuvant were ad- 
ministered at monthly intervals. Sacrifice of the animals occurred at 120 days 
after the first injection, or 30 days after the last injection of the materials. 

The dose of the streptococcal sonicate was 2 mg. of nitrogen per kilogram of 
body weight per injection, except where indicated otherwise in the test. All 
animals were sacrificed by the intravenous administration of Nembutal, except 
for 1 rabbit that died spontaneously during the experimentation. A complete 
autopsy was routinely performed. The thoracic organs were removed in toto 


* Armour and Company, Chicago, Ill. 
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and the thymus and lungs were carefully dissected. The heart was opened, 
following the flow of blood. After washing, the structures were carefully ex- 
amined under a hand lens. Routine sections of heart included: anterior mitral 
leaflet with attached atrium, chordae tendinae, and ventricular myocardium, 
posterior mitral leaflet with attached atrium, interventricular septum including 
aortic valve and annulus, tricuspid valve leaflet with attached right atrium 
(edge of coronary sinus orifice), and right ventricular myocardium. Sections 
were taken to include coronary arteries. In addition, representative samples 
_ of kidney, spleen, lungs, adrenals, and liver were taken. Appropriate sections 
were fixed in cold buffered neutral formalin and cold acetone. When indicated, 
tissues were quick-frozen and stored at —20°C. The staining reactions and 
histochemical procedures used in this laboratory for connective tissue study 
have been described (see paper by Wagner, this monograph). 

Blood specimens were taken routinely at the time of sacrifice and tested for 
evidence of antibodies by the ring precipitin technique. The tests were com- 
pletely negative in the acute experiments, but were markedly positive in the 
long-term repeated injection series. 

A total of 21 animals remained untreated and were sacrificed whenever an 
experiment was terminated. These animals served as controls for that group, 
so that we were certain that no epizootic type of infection, as reported by 
Miller®® and Loewe and Lenke,*! was present in our rabbits. Moreover, prior 
experience with stock New Zealand male rabbits had demonstrated a spontane- 
ous incidence of mild focal myocarditis in 1 per cent of 132 normal control 
animals. 


RESULTS 


Acute Experiments 


TABLE 1 shows that the production of cardiac damage in young rabbits is 
readily accomplished. Some significant alteration in the heart was noted in 
- 49 of the 58 animals challenged, in contrast to no involvement in the untreated 
control group of 21 animals. The cardiac-damaging factor did not seem to be 
limited to agents of streptococcal origin, but serum proteins from both man 
and cow seemed to possess this activity. Note that these human and bovine 
proteins were conjugated with the fluorescent dye lissamine rhodamine. The 

distribution of these materials, including the conjugated streptococcal sonicate, 
will be the subject of a future publication. 

During the course of the experimentation it was noted that different rabbits, 
as evidenced by the tissue reaction, reacted differently to a given agent even 
when the dosages administered were equal. For purposes of description, the 
type of tissue reaction in the heart has been classified on a histological basis. 
The results have been classified into four main types, undoubtedly with over- 
lapping. This classification is based on the type and distribution of the lesions 
and in no way is to be construed as related to the degree of biological activity 
of the agent or to the dosage employed.” The latter point is well demonstrated 
by the finding that all of the rabbits listed in TaBLe 2 showed the same type of 
reaction, type 4, despite the fact that various dosages of the streptococcal 
sonicate were employed. The following types were found: 
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Type 1. Small isolated focal collections of mononuclear cells and a few 


lymphocytes scattered throughout the myocardial connective tissue. There 
was little or no evidence of connective tissue or muscle cell damage. These 
TABLE 1 
INCIDENCE OF CarpIAC LESIONS IN RABBITS 
No. with carditis 
Total No. 
Material Dose* No. vate 
rabbits Total type : ; ? carditis 
Type I strept. sonicate 1 inject. 14° AT 1 Dey ee ea 7 3 
2 inject. 3 39) (Load Lol == 
Rhodamine-conjugated type Istrept. | 1 inject. 6 6 | 2) 3°) SS 
sonicate 2 inject. 8 8; 2)}—]| 2 4); — 
Type VI strept. sonicate 1 inject. 7 2}/—|}—|—]| 2 5 
2 inject. 10 9) 4 a 1 
Type XII strept. broth filtrate p.cG 6 6}, Zl e2ae 1 | -— 
Rhodamine-conjugated bovine serum | 40 mg./kg. 2 24) 2S 
albumin 
Rhodamine-conjugated human serum | 60 mg./kg. 2 2 2 ee 
protein 
28 | 49 | 13°) 145 ei as 9 
Totals —— nl 
Untreated controls 2A | — |. | he eed 


* Administered intravenously unless stated otherwise in the text. 


TABLE 2 


Acute CarpiAc EFFECTS RELATED TO SIzE OF DOSE 
(Type I streptococcus sonicate in 1 injection) 


Dose I.V. Total No. rabbits No. with carditis* No. without carditis 
1 mg./kg. 2 1 1 
2 mg./kg. 3 2 1 
3 mg./kg. 3 3 — 
4 mg./kg. 2 1 1t 
Total 10 ‘/ 3 


* All rabbits showed type 4, or generalized acute interstitial myocarditis damage and 


lesions were limited to the “right” heart. 


+ Rabbit died spontaneously within 18 hours after injection and was autopsied imme- 


diately. 


aggregates of mononuclear cells were not numerous, and seemed to have no 
definite relationship to blood vessels (FIGURE 1). 


Type 2. Larger focal collections of mononuclear cells within the myocar- 


dium, with minimal evidence of muscle and connecti 


ve tissue damage. 


Not 


infrequently, these cellular collections were found in the perivascular connective 


a 
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Ficure 1. Rabbit 50. Two intravenous injections of type VI streptococcal sonicate. 
Note the focal collection of mononuclear cells and occasional Anitschkow histiocytes in the 
interstitial tissue of the left ventricular myocardium. There is a lack of fibrinoid and an 
absence of characteristic Aschoff cells. Hematoxylin and eosin. 125. 
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tissue of the coronary arteries, and the Anitschkow-type histiocyte commonly 
was seen. In the majority of these hearts, a mild degree of arteritis was noted, 
as evidenced by intense infiltration of the adventitia by typical Anitschkow 
cells (FIGURE 2). Fibrinoid alteration of the affected vessels was noted rarely 
in our animals. (The term Anitschkow cells refers only to those mononuclear 
cells with large oval nuclei and rather vaguely defined cytoplasm. On longi- 
tudinal section, a heavy chromatin mass with distinctive fibrillar network ex- 
tending to the nuclear membrane is seen, thus giving rise to its unmistakable 
appearance. On cross section, the heavy chromatin mass in the center of the 
nucleus with its fibrillar network is responsible for its ‘“owl-eyed” appearance.”) 

Type 3. This type includes not only the findings listed under type 2, but 
also evidence of focal subendocardial collections of these mononuclear cells, 
frequently within the valves (FIGURE 3a and 6). More usually, however, the 
valvular involvement was manifested as hemorrhage into the valve substance 
itself. There seemed to be no specificity of valvular involvement (TABLE 3). 

Type 4. There is a widespread, often confluent, patchy interstitial myo- 
carditis with connective tissue and muscle fiber damage. The inflammatory 
cells found scattered throughout this process were predominantly polymorpho- 
nuclear leukocytes and lymphocytes. Arteritis, as described above, was found 
rather infrequently, although 4 of the animals exhibiting these changes also 
had gross hemorrhages into the valves (FIGURE 4). 

As stated above, the type of damage did not correlate with either the agent 
or the dosage employed (TABLES 1 and 2). The type of damage seemed com- 
pletely unpredictable and, although we tried to maintain the same conditions 
throughout, it was not possible to carry out experimentation throughout the 
year without variations. However, it may be seen readily from the results of 
the untreated rabbits listed in TABLE 1 that there was no evidence of ‘“‘spontane- 
ous” carditis. 

Regardless of the type of involvement produced by the agent, all affected 
animals except 3 manifested some form of myocarditis, as revealed by TABLE 
3. The majority of these animals also exhibited some form of arteritis, char- 
acterized by a generalized thickening of the vessels involved, usually the larger 
coronary arteries, and a diffuse infiltration of the media and adventitia with 
large mononuclear cells and typical Anitschkow cells (FIGURE 2). The poly- 
arteritis-type lesions seen by Rich and Gregory‘ in their rabbits given foreign 
serum proteins were not seen in our animals. 

The valvular involvement seemed to be of a nonspecific, random nature, 
being noted in 10 of the 49 affected animals. There was no preferential local- 
ization of valvular damage, the mitral, aortic, and tricuspid valves being 
equally involved. Grossly at autopsy, valvular hemorrhage was seen, but no 
significant nodularity or beading was evident. Microscopically, the most 
common finding was that of hemorrhage in the valve substance, although 4 
animals showed a focally increased collection of large mononuclear and Anitsch- 
kow cells, as shown in FIGURE 3b. There was very little alteration of the 
valvular collagen fibers. 

The right side, or pulmonary circuit, of the heart showed the same degree 
of involvement as the left side, or systemic circuit. This is contrary to the 
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Ficure 2. Rabbit 4. One intravenous injection of type VI streptococcal sonicate. A 
larger coronary artery branch in the left ventricular myocardium, showing rather marked 
hyperplastic changes. The increased number of Anitschkow histiocytes seems to be “stream- 
ing out” into the perivascular connective tissue. Note the lack of fibrinoid involvement of 
the wall of the vessel. Hematoxylin and eosin. 200, 
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_ observations made by Herbertson” and others® of almost exclusive involvement 


of the right side. However, in our last series of rabbits, during the production 
of lesions by a single injection of the type I streptococcal sonicate in varying 
doses, only an acute interstitial type of myocarditis was noted, which was 
limited to the right side of the heart. Herbertson believes that the exclusively 


right-sided lesion is due to myocardial ischemia secondary to the distention 


and dilation of the right chambers. 


Ficure 3. (6) Rabbit 42. Two intravenous injections of type I streptococcal sonicate. 
Focal collections of mononuclear cells in the mitral valve near the valve sulcus. Mild 
connective tissue swelling. Hematoxylin and eosin. X50. 

Long-Term Experiment 


_ The results shown in TABLE 4 are especially interesting in view of the fact 


- that the lesions were all of a mild nature. There were small focal collections 


| 


‘i 


of lymphocytes and mononuclear cells similar to the type I category, but the 


mild arteritis described above was invariably seen. However, there was wide- 
spread fibrosis throughout the myocardium, although the remaining muscle cells 


appeared normal. (FIGURE 5). 


It seems that these lesions represent a reparative process with resultant 


fibrosis. Eventually, there is no trace of the original carditis except for in- 


creased patchy scarring throughout the myocardium. 
Histochemical Studies 


‘Taste 5 summarizes the results obtained when the experimental carditis 
lesions were compared with the mature Aschoff body. The changes in the acid 
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Figure 4. Rabbit 31, One intravenous injection of type XII streptococcal broth filtrate. 
There is widespread acute interstitial myocarditis in the left ventricular myocardium. 


Note the relative absence of inflammation around the intramyocardial coronary vessel. 
Hematoxylin and eosin. »<100. 
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' mucopolysaccharides and collagen fibers in the experimental lesions appeared 
to be related to the intensity of the cellular infiltrate and its relationship to the 
perivascular stroma. However, the most severely involved areas did not show 


TABLE 3 
SITES OF CARDIAC INVOLVEMENT 


a5 = Side of 
- f cee 8a Le i a heart* 
aterial Dose a 2 25 2 = 5 i: Valves a 
Sel so] 58) S| 8 ‘> | x 
oH 14 14 = | 4 4/4 
Type I strept. soni Pete f1 mitral 
ype I strept. sonicate 1 aaject: 14 11 | 10] 4 {1 tricuspid 8| 4 
2 inject. sl el Sal ein 1 Sl 
Rhodamine-conjugated 1 inject. One ——ae Ouine Saale 1 4] 6 
c : 2 mitral 
Type I strept. sonicate 2 inject. Sia enn aaa elAscleaortic lee\N oils) 
1 tricuspid 
Type VI strept. sonicate | 1 inject. dpe 2] 2} 2 | 1 tricuspid | 
2 inject. TOS ee 9| 9] 9) 1 mitral Sao 
Type XII strept. broth | 5 cc. Oi) "|, “aI G@ |r == 4] 6 
filtrate 
Rhodamine-conjugated 40 mg./kg. zie ald: I 22 — ib) 7 
bovine serum albumin 
Rhodamine-conjugated | 60 mg./kg. 2)/—} 2) 2) — — i) al 
human serum protein ~ 
Total 58 | 9 | 49 | 46 | 34 10 38 | 39 


* Side of heart refers to either pulmonary or systemic circuit. In sections of the inter- 
ventricular septum an attempt was made to differentiate the ‘‘side” of involvement. 


TABLE 4 
Lonc-TerRM CARDIAC EFFECTS OF STREPTOCOCCAL TypE I SONICATE 


No ” 
. eh ee No. with | Myocar- Blood 
SE Material tee! eg carditis dium* vessel Valve 

Freund’s adjuvant with M. butyri- 5 5 — _— — — 

cum 
_Freund’s adjuvant with M. butyri- 

cum and type I streptococcus 
sonicate 10 2 8 8 7 = 


* Myocarditis was all of type I and marked fibrosis usually was noted. 


the collagen fiber alterations and the increased number of mucopolysaccharides 
characteristically associated with the Aschoff body. The reactivity of the cyto- 
plasm of the Anitschkow and Aschoff cells in rheumatic carditis is different 
from that of the Anitschkow cells observed in the normal rabbits. Gamma 
globulin localization in Aschoff bodies by the use of fluorescein-labeled rabbit 
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antihuman gamma globulin showed variable results. Presumably, this repre- 
sents serum gamma globulin in an area of inflammation. The possibility that 
the gamma globulin noted in relation to the Aschoff body is antibody cannot 
be excluded. 


DISCUSSION 


The production of carditis in New Zealand rabbits may be accomplished 
with a variety of unrelated materials. In the present study, a significant num- 
ber of animals showed lesions suggestive of the constellation of changes con- 
stituting the Aschoff body. The rabbit lesions were focal, Anitschkow cells 
were multiplied, and orientation was frequently perivascular and subendocar- 
dial. These are alterations that may be observed in the development of the 
pathognomonic Aschoff body, but the critical features of the Aschoff body were 
not observed under the conditions of the present experiment. Murphy and 
Swift™ claimed to have successfully duplicated the Aschoff body in their ex- 
petimental rabbits by successive intracutaneous injections of differing types of 
living group A streptococci. Since a small percentage of rabbits, after 3 to 
20 months and many repeated cutaneous infections, developed the characteris- 
tic lesions, they concluded that some host factor played a part in the patho- 
genesis of these tissue alterations. However, most of the lesions in the illus- 
trations accompanying the text seem to show primary muscle cell involvement 
closely simulating the myogenic-type giant cell not uncommonly seen in non- 
rheumatic cardiac disorders.*® 

Kirschner and Howie* reported that they had produced comparable cardiac 
lesions in 7 of 12 rabbits similarly injected. Recently, Norlin,” under similar 
circumstances, also produced cardiac lesions in 7 of 32 test animals. How- 
ever, Robinson* failed to reproduce the results of Murphy and Swift,** although 
he was able to produce widespread cardiac damage. L. E. Glynn and T. N. 
Harris (personal communications) have also attempted to confirm the results 
claimed by Murphy and Swift** with little success. 

It is quite obvious that the crux of the controversy centers on the criteria 
utilized for the identification of the Aschoff body. The application of newer 
techniques to this problem may help to resolve the current dilemma. Thus, 
TABLE 5 shows the distinct differences between the experimental and human 
processes. 

The present study is part of a long series of investigations designed to test 
experimental systems that might result in reproduction of the rheumatic state. 
Schwab e¢ al.’ claim that the toxic component of the streptococcal sonicate 
is a complex of group-specific C polysaccharide and protein. However, W. 
J. Cromartie (personal communication) thinks that the cardiac changes ob- 
served in this study probably were due to “one or more of a great variety of 
substances contained in the crude extract and not to the rather large macro- 
molecules of C-polysaccharide.” This is difficult to assess, since rhodamine- 
labeled serum proteins and crude streptococcal sonicate rapidly leave the cir- 
culation and enter the cardiac valvular and myocardial connective tissues.” 
Streptococcal sonicate is an extremely potent biological material; Stetson" 
noted the similarity of streptococcal lysates (which may be considered similar 
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to our sonicate®) to Gram-negative bacterial endotoxins in their ability to pro- 
duce fever, leukopenia, and peripheral vasomotor reactions, as well as the local 
and generalized Schwartzman phenomena. 

In comparing the experimentally produced lesions in this study with those 
of other investigators, it seems fair to state that they bear a striking similarity. 
There is an apparent closer resemblance of these experimental lesions to those 
seen in acute streptococcal myocarditis.** We were unsuccessful in producing 
a further evolution of the cardiac changes by first sensitizing the rabbit to the 
crude streptococcal sonicate and then repeatedly injecting the same sonicate 
intravenously. A long-term experiment is currently in progress, whereby re- 
peated intradermal injections of the streptococcal sonicate with and without 
Freund’s adjuvant are being administered to rabbits. After 6 months of ex- 
perimentation the rabbits continue to be healthy. 


TABLE 5 


HISTOCHEMICAL STUDIES OF EXPERIMENTAL CARDITIS AND 
RHEUMATIC CARDITIS (ASCHOFF Bopy)* 


Rheumatic Experimental 
Collagen fiber changes ++ to +++ + to + 
Acid mucopolysaccharides increased variable increased 
Anitschkow cells increased increased 
RNA in cytoplasm se “bE 
Reactive NH» groups +++ ++ 
Nonspecific esterase +++ — 
Acid phosphatase iSiaae = 
Gamma globulin localization + to ++ + to ++ 
Fibrinoid + to + — 
Myogenic giant cells — + to ++ 
Aschoff cells +4 — 


* No change, —; variable change, +; intensity of reaction, + to +++. 


Finally, the production of these myocardial lesions in such diverse ways and 
with such a wide variety of agents throws doubt upon the specificity of this 
reaction in the rabbit heart. Utilizing meningococcal endotoxin, E. coli lipo- 
polysaccharide, streptococcal proteinase, and horse serum in acute experi- 
ments with rabbits, similar observations have been made. The mechanisms 
responsible for the strikingly comparable tissue changes are largely unknown. 
However, there is clearly a limited responsiveness of cardiac tissues to acute 
stress. It indicates that a great deal more caution must be taken in evaluating 
experimentally produced cardiac lesions in this host, especially in comparing 
the changes with human rheumatic fever. 


SUMMARY 


Several biologically active agents administered systemically to stock New 
Zealand rabbits produce carditis. Extracts prepared from sonically disrupted 
group A streptococci belong to this group. The acute effects of such sonicates 


on cardiac tissues are described. The morphologic alterations noted differ 
sharply from human rheumatic fever. 
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IMMUNOPATHOLOGY OF HYPERSENSITIVITY* 


Jacinto J. Vazquez and Frank J. Dixon 
Department of Pathology, University of Pittsburgh School of Medicine, Pittsburgh, Pa. 


The use of such recently developed techniques as quantitative immuno- 
chemistry, electron microscopy, and immunohistochemical methods accounts 
in part for the renewed interest in a group of diseases collectively named con- 
nective tissue diseases. It is the purpose of this article to review some of the 
results and interpretations of our studies of both human and experimental 
conditions in this group of diseases, in which these techniques (chiefly the 
fluorescent antibody method of Coons et al.!*) were used. It would be repeti- 
tious to review the numerous papers stressing the common aspects of the so- 
called connective tissue diseases, the reasons for grouping them together, and 
their possible pathogenetic mechanisms such as those based on hypersensitivity, 
especially. Acknowledgment is made of studies similar to those presented 
here.* 

If one accepts the hypothesis that a lesion of hypersensitivity may involve 
an antigen-antibody reaction, the fluorescent antibody technique can test for 
the presence of such reactants at the lesion. It is possible to take this direct 
approach to certain experimental conditions such as “‘serum sickness” and 
related states, but in the case of human diseases of suspected hypersensitivity 
origin little or no information is available concerning possible antigen or, 
thereby, antibody, making this approach quite difficult. One approach that 
may be used, however, is that of testing human lesions for the presence of 
homologous gamma globulin on the assumption that this protein will indicate 
antibody. With the fluorescent antibody technique, still a third approach has 
been used, that of determining the presence of tissue-localizing antibody in the 
serum of a given case, on the assumption that, if any is found, it may be instru- 
mental in the production of a pathological change. It should be mentioned 
that, although many positive and interesting results have been obtained by 
these methods, one of the greatest difficulties has been the interpretation of 
results, that is, of assigning to a given immunological reactant a role in the 
pathogenesis of a lesion or disease. 

The studies to be presented are grouped under the following headings: (1) 
_ diseases in which a direct demonstration of antigen, antibody, or both has been 
made at the lesion sites, (2) diseases in which a significant concentration of a 
given plasma protein (gamma globulin or either fibrinogen or fibrin) has been 
found, and (3) diseases in which the serum contains tissue-localizing “anti- 
bodies.” 


Diseases with Direct Demonstration of Antigen or Antibody or Both 
at Lesion Sites 


Studies in this group will include experimental serum sickness, experimental 
chronic glomerulonephritis, the Arthus reaction, and anaphylaxis. 

* The work reported in this paper was supported in part by Research Grant A-1195(C) 
from the National Institute of Arthritis and Metabolic Diseases, Public Health Service, 


Bethesda, Md. . f ; 
This report is Publication No. 238, Department of Pathology, University of Pittsburgh 


School of Medicine, Pittsburgh, Pa. 
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Reports from our laboratory*® have shown that, in serum sickness produced 
by a single large intravenous dose of a purified antigen (bovine serum albumin) 
in the rabbit, the initiation and development of the morphologic manifestations 
(1) parallel the increase in rate of antibody production, (2) occur while antigen- 
antibody complexes shown to be capable of inducing inflammation are present 
in the circulation, and (3) are accompanied by a simultaneous localization of 
antigen and, probably, of antibody in the sites of the lesions (coronary arteritis 
and acute glomerulitis). It also has been shown that there was no fixation of 
antigen in those tissues predisposed to the development of lesions prior to the 
formation of antibody. The regression of the lesions of serum sickness (1) 
followed the disappearance of readily detectable circulating antigen-antibody 
complexes, (2) paralleled a decline in rate of antibody production, and (3) were 
accompanied by the disappearance of antigen from the lesions. With these 
results, a mechanism by which the interaction of antigen and antibody may 
cause the development of the lesions of serum sickness was suggested. The 
events might run as follows: 

(1) As antibody begins to appear it combines with antigen in antigen excess 
forming soluble complexes that increase in amount with the increase in anti- 
body synthesis until all antigen is eliminated. 

(2) These circulating complexes presumably are capable of initiating inflam- 
matory responses in the host. 

(3) By means not yet known, these complexes are localized in the inflamma- 
tory lesions initiated by them (arteries and glomeruli), the development of the 
lesions and the localization and concentration of complexes in such lesions 
progressing simultaneously and perhaps enhancing each other. 

(4) The antigen-antibody complexes are eliminated from the circulation, the 
lesions of serum sickness promptly disappear, and in the process the antigen 
and antibody in them are catabolized. 

As previously mentioned, the lesions in serum sickness found by the proced- 
ure outlined are reversible but, although the glomerulitis found in such in- 
stances has been likened to that found in human glomerulonephritis, a chronic 
irreversible type of glomerular change is not achieved by this procedure. An 
experimental glomerulonephritis quite similar to the irreversible chronic human 
glomerulonephritis has been produced in some rabbits by daily intravenous 
injections of horse serum' or, more recently,’ by daily intravenous injections of 
a purified antigen (bovine serum albumin), for a period of 4 weeks and more, 
the doses ranging from 10 to 100 mg. In these animals a typical membranous 
or chronic proliferative glomerulonephritis, or both, indistinguishable from the 
human counterpart, were produced. Using the fluorescent antibody technique 
appreciable amounts of specific antigen and, presumably, of antibody were 
found in the altered glomeruli which, by comparative electron microscopy, were 
found to be localized in the basement membranes.8_ No lesions in other viscera 
were found. The rabbits receiving daily doses of antigen fell into the three 
immunological groups outlined above: (1) a group in which great amounts of 
circulating antibody were found, (2) a group in which no circulating antibody 
was detected, and (3) a group in which the animals barely make enough anti- 
body to combine with all the circulating antigen present. It is in this last 
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- group that the characteristic chronic lesions described appear. A possibility 
currently under investigation is that the development of these renal lesions is 
dependent on the presence in the circulation of antigen-antibody complexes in 
a certain antigen-antibody ratio (soluble complexes). 

Studies in our laboratory®:!° have shown that specific antigen and, presum- 
ably, antibody are found in affected vessel walls manifesting both the active 
or classic Arthus reaction and the reverse (passive) Arthus reaction. It has 

been found also that the polymorphonuclear leukocyte played an essential 
role not only in producing the vasculitis but also in eliminating the antigen 
from the damaged vessel, probably by means of proteolytic catabolism at the 
inflammatory site. A temporal relationship between the disappearance of 
antigen from the damaged vessels and a decrease in the inflammatory reaction 
was found. The earliest localization of antigen in the Arthus vasculitis was 
found to be beneath the endothelium of small vessels. In further studies of 
the Arthus reaction tests were made of the in vivo activity of soluble antigen- 
antibody complexes intradermally injected in rabbits. The results showed 
that such antigen-antibody complexes did produce inflammatory changes, and 
provided support to the suggestion that complexes were responsible for the 
lesions of experimental serum sickness. 

Anaphylaxis in the rabbit, as reported previously," shows eosinophilic pre- 
cipitates in the lumens of vessels throughout the body, such precipitates being 
composed of specific antigen and, presumably, antibody when tested by im- 
munohistochemical techniques.”:” 

Results obtained with an experimental approach such as that described above 
seem to give firm support to the inference that certain inflammatory or de- 
generative lesions or both result from the interaction of antigen and antibody. 
The lesions of serum sickness and related experimental states have been likened 
to many of the human lesions in the connective tissue disease group because of 
the sometimes striking morphologic similarities. If one admits a certain 

limited capacity of connective tissue to react in different ways to any given 
stimulus, one should be cautious in supposing an absolute correlation between 
experimental and human conditions. With the information available it is only 
safe to suggest a possible pathogenetic similarity between these different disease 
states. More convincing evidence of an immunologic mechanism in some of 
the human diseases should rest on the direct identification of immunological 
reactants at the lesion sites. 


Diseases with Specific Concentration of Given Plasma Protein (Gamma Globulin 
or Either Fibrinogen or Fibrin) 


As mentioned earlier in this presentation, a direct demonstration that an 
immunological mechanism plays an essential role in human connective tissue 
diseases still is lacking. Since in almost all cases a possible offending antigen 
is not well characterized or is not known, a specific identification of antigen, 
antibody, or both in the lesions is not possible. Nevertheless, it may be as- 
sumed that an antigen-antibody reaction in the tissues could result in local 
increased concentrations of the host’s gamma globulin, if such protein repre- 
sents antibody. A second immunohistochemical approach was undertaken in 
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the hope, first, that a relatively simple analysis of the plasma protein composi- 
tion of the lesions of several of the connective tissue diseases would show a 
preferential concentration of gamma globulin at the lesion sites and, second, 
that similarities or differences among the various entities would be determined. 
The fluorescent antibody technique was employed in determining the relative 
concentrations of gamma globulin, fibrinogen or fibrin, and albumin in the 
lesions of a number of human diseases." On the basis of the observations 
made, the conditions could be grouped as those with lesions showing a preferen- 
tial concentration of homologous gamma globulin and those with lesions show- 
ing a preferential concentration of fibrinogen, fibrin, or both, as follows: 

(1) Diseases with preferential concentration of gamma globulin: (a) experi- 
mental hypersensitivity of the “immediate type,” including serum sickness, 
Arthus reaction, anaphylaxis, and chronic glomerulonephritis; (b) systemic 
lupus erythematosus; (c) rheumatic fever; (d) rheumatoid arthritis; (e) poly- 
arteritis nodosa; (f) human glomerulonephritis; and (g) human and experi- 
mental amyloidosis. 

(2) Diseases with preferential concentration of fibrinogen, fibrin, or both: 
(a) generalized and local Shwartzman reaction; (b) thrombotic thrombocyto- 
penic purpura; (c) bilateral cortical necrosis in complications of pregnancy; 
(d) renal lesions in systemic scleroderma;!® and (e) malignant hypertension.!® 

Our findings in human and experimental amyloid merit brief comment.'® 
In experimental amyloidosis induced by repeated casein injections that elicit 
prolonged antibody response and in that induced by repeated ribonucleic acid 
injections that cause no detectable antibody response the amyloid deposits are 
morphologically similar. In both experimental and human conditions the 
amyloid contains significant concentrations of the host’s gamma globulin. 
In casein-induced amyloid, antibody and, presumably, antigen have been 
identified in the amyloid deposits. However, whether these specific reactants 
are the result of an immunological reaction important in the pathogenesis of 
amyloidosis or whether they represent a nonimmunological deposition of the 
host’s gamma globulin, of which some is specific antibody and thus capable of 
combining with injected antigen, remains to be determined. Since a similar 
deposition of amyloid containing gamma globulin can occur in the absence of a 
detectable antibody response, it would appear that immunological mechanisms 
are not essential to amyloid formation.7 The immunochemical test results 
of concentrations of gamma globulin in amyloid are in agreement with the 
reaction of I’*!-labeled anti-gamma globulin and amyloid and are also consistent 
with the short half life of circulating gamma globulin in this disease. 

While these observations serve to divide the diseases studied into two groups 
according to the plasma protein composition of the lesions, they do little 
to explain the pathogenic mechanisms involved. Certainly, the localized 
antigen-antibody reactions that occur in experimental serum sickness and re- 
lated states are associated with a localization of gamma globulin in the lesions. 
However, the observations of experimental amyloidosis indicate that identical 
lesions with similar concentrations of gamma globulin may be induced with two 
different procedures, one of which is associated with an immunological phenom- 
enon and one of which is not. A second possible explanation of gamma globu- 
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lin concentration in lesions is that primary connective tissue changes increase 
the affinity of that tissue for gamma globulin. There is normally a slight affin- 
ity of gamma globulin for some tissue constituents, and this may be magnified 
in such situations. A third possible explanation is that a metabolic alteration 
leading to hypergammaglobulinemia frequently found in some of these diseases 
predisposes to the nonimmunological deposition of gamma globulin in normal 
or in abnormal tissues. In our present state of ignorance regarding the so-called 
connective tissue diseases, such observations indicate only the differences and, 
perhaps less surely, the similarities between some of the entities and emphasize 
the fact that we are far from being able to apply a unifying pathogenetic con- 
cept to the study of this group of diseases. 


Diseases with Serum Containing Tissue-Localizing “Antibody’’ 


In the past few years there has been a renewed interest in autoimmunity as 
a possible cause of a variety of diseases, chiefly those called connective tissue 
diséases. The demonstration of autoimmunization in both humans and experi- 
mental animals has disproved the theory of “horror autotoxicus,” but still 
leaves questions unanswered: (1) In how many diseases do autoimmune mech- 
anisms operate? (2) What role do they play in those diseases? The precise 
nature of these mechanisms in most instances is still not understood. This 
lack of understanding and the inability to transfer passively an etiological 
agent in most diseases associated with autoimmunity make it extremely diffi- 
cult to evaluate the role of any autoimmune reaction in the pathogenesis of the 
diseases.'® For example, serum factors possessing most or all of the charac- 
teristics of autoantibodies with tissue-localizing properties have been demon- 
strated in human and experimental thyroiditis, systemic lupus erythematosus, 
rheumatoid arthritis, and others. In some cases a strong suggestion has been 
made that circulating autoantibodies are responsible for the development: of 
the lesions, thus proving their autoimmune pathogenesis. However, whether 
these autoimmune responses mediate the essential pathological processes in 
most of the diseases where they are found or whether they are merely secondary 
phenomena in the course of a host response remains to be established. 
Recently we have had the opportunity of studying two unusual patients 
showing identical clinicomorphologic manifestations that warranted in each 
case the eponymic diagnoses of Hashimoto’s thyroiditis, Sjégren’s disease, 
and Waldenstrém’s macroglobulinemic purpura. The spectrum of diseases in 
these two patients implied a single disease process with various clinical mani- 
festations (J. J. Vazquez and W. N. Jensen, unpublished observations). To 
evaluate a possible role of autoimmunity in the pathogenesis of the disease in 
these patients and, if such a role existed, to determine whether a degree of 
tissue specificity was present, we labeled with fluorescein the globulin fractions 
of each of the two patients’ sera, for immunohistochemical stains in sections of 
these patients’ tissues and of normal tissues. One patient’s labeled serum 
caused staining of nuclear elements of tissues from the two patients and from 
the normal persons (FIGURE 1), similar to the nuclear staining with labeled 
serum in lupus erythematosus. Labeled serum from the other patient stained 
only the thyroid colloid and cytoplasm of thyroid follicular cells from both 


Ficure 1. Fluorescent photomicrograph of a frozen section of normal human thyroid 
stained with fluorescein-conjugated globulin fraction of serum of one of two patients showing 
Hashimoto’s disease, Sjégren’s disease, and macroglobulinemia. Note the bright fluorescence 
of nuclei of cells lining the follicles, indicating a factor in the conjugate with properties of 
tissue localization specific to nucleus. Colloid material does not appear in this section, prob- 
ably because of washing off in the process of staining; however, in other sections the colloid 
material was present and it lacked specific fluorescence. No cytoplasmic fluorescence was 
observed in this case. 


Ficure 2. Fluorescent photomicrograph 
cent conjugate of the globulin fraction of the 
changes as patient in HGURE 1. Note the br 
in the follicle at the lower portion of the pictur 
of the lining cells of the follicle. The nucle 
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the patients and the controls; the staining was similar to that usually found in 
experimental and human thyroiditis (FtGuRE 2). Immunohistochemical results 
such as these indicate that different and, perhaps, multiple tissue antibodies 
may be elicited in patients whose clinical and pathological manifestations are 
similar and, on the other hand, they indicate that similar tissue-localizing anti- 
bodies may be elicited in patients with differing clinicomorphologic manifesta- 
tions. Despite the presumptive evidence that an autoimmunity mechanism is 
the basis for the above-described clinical and pathological syndrome in our 


patients, it is entirely possible that a circulating antibody with faculties of 


specific tissue localization is not instrumental in the pathogenesis of the disease. 

A final comment may be made concerning the study of the hypersensitive 
state and diseases associated with it. There is little doubt that the last years 
have witnessed a remarkable progress in the understanding of hypersensitivity 
and that numerous facts have been uncovered with the help of newly developed 
techniques. However, it is realized that the use of these techniques also has 
uncovered many new and still unsolved problems that put us far from any final 


- answers. 
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Discussion 


Gustave J. Dammin (Peter Bent Brigham Hospital, Boston, Mass.): With 
reference to the illuminating studies of Jacinto J. Vazquez and the intriguing 
report by Melvin H. Kaplan, may I mention our documentation of the pro- 
gression of one of the streptococcal-related diseases in the absence of an episode 
of clinical infection usually considered a part of the development of rheumatic 
fever and glomerulonephritis. In 1954, Merrill, Murray, and Harrison carried 
out the first transplantation of a kidney from a well twin to his identical twin 
brother who had chronic glomerulonephritis.!_ After good function of the trans- 
plant was well established, the patient’s own kidneys were removed. In the 
subsequent five years there was no recognizable streptococcal infection but, 
during the latter part of last year, proteinuria appeared and there was slight 
nitrogen retention. Last month a biopsy of the transplanted kidney showed 
the pattern of early membranous glomerulonephritis with lipid deposits in the 
glomeruli and tubules. 
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BERNARD M. WAGNER (University of Washington, Seattle, Wash.) : The locali- 
zation of proteins in vascular and connective tissue fibrinoid by the immuno- 
fluorescent technique has been of value but represents only one type of ap- 
proach. Careful histochemical studies show that fibrinoid varies in its physico- 
chemical properties in the same disease. A heterogeneous group of fibrinoids 
exists and their reactivity is dependent on the nature of the disease, rate of 
formation, and age of the process. The variance in results from various labora- 


tories as regards the localization of gamma globulin and/or fibrin in fibrinoid 
may be attributed to these factors. 


ee 


AMYLOIDOSIS: PRELIMINARY CLINICAL, CHEMICAL, AND 
EXPERIMENTAL OBSERVATIONS* 
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Although it has been an object of clinical, pathological and, more recently, 


chemical studies over the course of the past seventy-five years, amyloidosis 
remains one of the more intriguing enigmas in medicine. As a subject for 


clinical investigation, this disease is appealing for several reasons. First, it can 
be produced experimentally in animals.!-® Second, amyloid is accumulated 
in tissues in sufficient abundance to make its availability for chemical charac- 
terization appear a reasonable objective. Third, it is a disease of considerable 
clinical importance. Thus amyloidosis is a common concomitant of rheuma- 
toid arthritis;*.’ it is a common cause of death of patients with paraplegia, 
chiefly because of the severe decubitus ulcers and osteomyelitis that often 
accompany it; it is the most important single cause of death of patients with 
leprosy (unpublished observations, in preparation). It often accompanies mul- 
tiple myeloma and, not infrequently, occurs without known predisposing dis- 
ease, especially in certain Mediterranean countries where two familial forms are 
indigenous.® 1° 

Surely a disease with these characteristics should prove an easy one to under- 
stand. This has not proved, however, to be the case. The nature of amyloid 
is still obscure, the reasons for its diverse origins is unknown, the pathogenesis 
of none of its forms is understood, and means of its prevention and cure are 
still uncertain. 

Approximately six years ago several workers in this laboratory undertook a 
long-range study of the disease in the hope that what was learned would be 
helpful in gaining understanding not only of amyloidosis, but also of the even 


more puzzling diseases of connective tissue that often underlie it. Some of 


this work has been published, some is in manuscript form, and some is still in 
progress and permits mention of only the most preliminary conclusions. Never- 
theless, as an example of one area in which research in connective tissue is 
reaching clinical application, a brief and rather general review of the problem 


-may be welcome. 


Since our studies have been focused along three lines, clinical, chemical, and 
experimental, it may be helpful at the outset to emphasize two clinical points. 

The first pertains to classification. Amzyloidosis is often classified into spe- 
cific types by rather rigid criteria.“ It is said, for example, that ‘“‘primary” 
amyloidosis is characterized by predominant involvement of the mesenchymal 
tissues (blood vessels, skin, heart, tongue, gastrointestinal tract, and nerves), 

* The investigation reported in this paper was supported in part by Research Grants 
A-2123 and A-1064 from the National Institute of Arthritis and Metabolic Diseases, Public 
Health Service, Bethesda, Md., and grants from the New England Chapter of the Arthritis 
and Rheumatism Foundation, Boston, Mass., an Institutional Research Grant of the Ameri- 
can Cancer Society (IN. 42 and 42a) and Eli Lilly and Company, Indianapolis, Ind. 


This is Publication No. 273 of the Robert W. Lovett Memorial for the Study of Crippling 
Disease, Harvard Medical School, at the Massachusetts General Hospital, Boston, Mass. 


1033 


1034 Annals New York Academy of Sciences 


while secondary amyloidosis involves chiefly the spleen, kidneys, liver, and 
adrenal glands. The primary form is said to exhibit less characteristic staining 
reactions to crystal violet and Congo red stains. The amyloid accompanying 
multiple myeloma is said to be similar in distribution and tinctorial characteris- 
tics to the “primary” form. ee 

In our opinion these criteria of differentiation of types of amyloidosis present 
hazards because there are numerous exceptions and overlapping manifestations. 
For example, patients with amyloidosis without predisposing cause frequently 
exhibit massive involvement of spleen, liver, and kidneys, and their tissues 
may stain strongly with crystal violet and Congo red. We believe that the 
differentiation of primary and secondary amyloidosis should depend largely on 
the presence or absence of an underlying disease that it is known to predispose 
to this condition, at least in our present state of knowledge. 

The second clinical point pertains to diagnosis. In our hands gingival biopsy 
has proved to be an extremely helpful aid in confirming the presence of this 
disease.“ It gave positive results in 5 of the 6 cases of proven primary amyloi- 
dosis that we have studied. It was also positive in approximately 65 per cent 
of 24 patients with leprosy who were suspected strongly of having this disease 
(unpublished observations, in preparation). A more detailed review of the 
diagnosis of amyloidosis has been presented elsewhere.'* 


Chemical Composition of Amyloid 


Initial studies were focused on the isolation and characterization of amyloid. 
As a beginning, the extraction procedures of Hass and Schultz!® and Wagner'é 
were repeated. It soon became apparent that efforts to extract amyloid were 
rendered extremely difficult by two factors: first, the marked insolubility of 
the substance and, second, the lack of an appropriate method of identifying 
the presence of amyloid in a given extract. Because of the capricious nature 
of the binding of Congo red to amyloid, it did not seem appropriate to use the 
presence or absence of this dye as a guide, as Hass had done. Indeed, it was 
concluded that the only way to demonstrate that a given extract preferentially 
had removed amyloid would be to demonstrate that a great deal more of an 
amyloid-laden organ would dissolve in the given solution than would the 
comparable organ of a normal individual. When the methods of Hass and 
Wagner were studied from this point of view it was found that as much ma- 
terial, or more, dissolved from the normal organs as from the amyloid-laden 
tissues. 

For this reason, extraction efforts were temporarily suspended, and a method 
was adopted by which chemical analyses of normal livers and spleens were 
compared with comparable analyses of livers and spleens so loaded with amy- 
loid that the parenchymal tissue was largely replaced. It was apparent that 
livers and spleens containing an estimated 50 to 90 per cent amyloid, from 
patients with both primary and secondary amyloidosis, differed from organs 
without amyloid in several respects” (unpublished observations). There was a 
higher water content (averaging 80 per cent as opposed to an average normal 
of 74 per cent), and a higher hexosamine content (averaging 1.0 per cent dry 
weight as opposed to an average normal of 0.43 per cent dry weight). Paper 
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~ chromatographic studies showed that the predominant amino sugar in amyloid- 
laden tissues was glucosamine, whereas normal livers and spleens contained 
considerable galactosamine as well. Similarly, in amyloid-laden livers the 
hexoses consisted of galactose, mannose, and fucose, as well as glucose whereas, 
in normal livers, sugars other than glucose were present only in trace amounts. 
‘There were no differences in the concentrations of nitrogen, uronic acid, hy- 
droxyproline, sulfur, phosphorus, and ash between the normal and the amyloid- 
containing tissues. 

_ An extract of finely ground amyloid liver was prepared by a method described 

by Bestetti and associates! involving centrifugation in 2 M sucrose at 17,500 
rpm (28,000 g) for 10 min. The residue prepared in this manner was meta- 
chromatic and stained intensely with Congo red. Analysis of this material 
indicated that it contained hexosamine in a concentration of 1.64 per cent 
dry weight, 11.8 per cent nitrogen, 0.32 per cent uronic acid (orcinol method), 
and 0.73 per cent hydroxyproline. The concentrations of phosphorus and 
ash were comparable to those of the normal tissues. 

These data suggest that amyloid is a hydrophylic substance or substances, 
predominantly protein (but not collagen), containing glucosamine, galactose, 
mannose, and fucose. The material does not appear to be an acid mucopoly- 
saccharide; if chondroitin sulfate and heparitin sulfate are present, as suggested 
by others,'*!° their concentration must be small indeed. 


Casein-Induced Amyloidosis in the Rabbit: General Description 
and Immunological Studies 


Since the chemical studies described above showed little promise of further 
identifying the nature of amyloid, efforts were next directed to defining an 
experimental model of this disease that would be suitable for other forms of 
investigation. Serial injections of 10 per cent sodium caseinate had been shown 
to be effective in inducing amyloidosis in mice,’ and it was decided to apply 

‘this technique. It was soon found that biweekly injections of 5 cc. of 10 per 
cent sodium caseinate almost invariably led to the appearance of amyloid in 
the spleens and kidneys of rabbits.”°.24_ Splenic involvement was noted in most 
of the animals after three months of injections, being rather massive in some. 
After 4 months nearly all animals exhibited amyloidosis of the spleen. Renal 

involvement lagged behind splenic involvement by approximately 2 months. 
Amyloid was noted in the liver in only 20 per cent of the animals, and then only 
in small amounts. Except for the paucity of amyloid in the liver, the experi- 
mental disease was closely analogous to the human disorder. As the disorder 
developed, the animals lost weight and eventually exhibited nephrosis, with 
albuminuria, elevated serum cholesterol concentrations, and hypoalbuminemia. 

- Histologically, the experimental tissues appeared identical with those of human 

patients with this disease. 

Blood studies performed on these animals showed that after 2 months of 
injections there were significant increases in serum concentration of hexosamine 
and gamma globulin. In 39 rabbits studied, the average normal values were 
79 mg./100 ml. and 0.8 gm./100 ml., respectively. After two months of in- 
jections the hexosamine and gamma globulin concentrations had risen to 112 
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mg./100 ml. and 2.0 gm./100 ml., respectively; after four months they were 
116 mg./100 ml. and 1.5 gm./100 ml., respectively. Elevations in alpha and 
beta globulins also were noted, but were less consistent. Serum precipitins to 
caseinate were demonstrated in most bleedings, but they were in low titer. 

Attempts were made to induce amyloidosis in rabbits with much smaller 
doses of caseinate, comparable to the doses of antigens that are customarily 
used to induce circulating antibodies. Among these methods were the use of 
serial intravenous, subcutaneous, and intradermal injections of 0.8 per cent 
sodium caseinate, and twice-weekly intravenous injections of an alum precipi- 
tate of sodium caseinate (0.2 per cent). Although in occasional rabbits mini- 
mal amyloidosis developed after 5 to 8 months, an occasional control animal 
receiving serial injections of isotonic saline likewise did so. None of these 
experiments yielded results that compared in consistency or degree with those 
of animals injected with 0.5 cc. of 10 per cent caseinate twice weekly. On the 
other hand, the subcutaneous administration of 2.5 cc. of 1 per cent caseinate 
in amphogel every two weeks for from three to seven months led to massive 
amyloidosis in the three animals studied. 

It is of interest that only the methods that ultimately led to a high incidence 
of amyloidosis were successful in inducing demonstrable circulating precipitating 
antibodies or elevations in gamma globulin concentrations of the magnitude 
mentioned above. Transient elevations in serum hexosamine concentration 
to levels as high as 180 mg./100 ml. were noted after a few of the intravenous 
injections in animals that did not develop amyloid. 


Is Amyloid an Antigen-Antibody Precipitate? 


Data of the sort summarized above and other observations reported in the 
literature” suggest that there is a close relationship between immunological 
mechanisms and the pathogenesis of amyloidosis. It is in many ways attrac- 
tive to postulate, as others have done,” that amyloid represents the in vivo 
accumulation of antigen-antibody precipitate. Efforts have been made in this 
laboratory to test this hypothesis by experiments of three sorts. 

First, the rate of uptake of I'*'-labeled sodium caseinate into the amyloid- 
laden spleen was determined following its subcutaneous injection into animals 
with casein-induced amyloidosis and into normal controls. There was no 
difference in uptake of I'*' by the spleen or in the serum between the amyloid 
and the normal rabbits. 

Second, the biological half life of I'*-labeled gamma globulin was determined 
in 3 patients with amyloidosis, as compared with 4 individuals with rheuma- 
toid arthritis and 3 controls (J. Mills, E. Calkins, and A. S. Cohen, unpublished 
observations). The biological half life was normal (21 days) in 1 patient with 
primary amyloidosis (without nephrosis), it was normal (14 days) in 1 patient 
with severe rheumatoid arthritis who subsequently developed amyloidosis over 
the ensuing 6 months, it was only slightly shortened (11 days) in the latter 
patient after his amyloidosis (with mild nephrosis) had developed, and it was 
much shortened (4.5 days) in 1 patient with advanced primary amyloidosis 
and massive nephrosis. It was apparent that the known propensity of nephro- 
sis per se to be associated with a decreased biological half life of gamma globu- 
lin made the effect of amyloidosis per se difficult to assess. One could not 
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- conclude, however, that there was a shortened biological half life in all patients 
with amyloidosis. It is of interest that 3 of the 4 patients with rheumatoid 
arthritis exhibited normal curves. The fourth, the only one with large amounts 
of rheumatoid factor and demonstrable S.21 gamma globulin in the serum, had 
a definitely shortened biological half life (8.5 days). 

The third set of experiments involved the immunochemical quantitation of 
gamma globulin in the amyloid-laden livers and spleens of human patients, 
performed in collaboration with David Gitlin.“ Gitlin had previously demon- 
strated that when gamma globulin, as antibody, is combined with antigen in a 
specific precipitate, the gamma globulin also will combine with its own specific 
antibody, although only to approximately 30 per cent of the efficiency it alone 
had previously exhibited. It was reasoned that if amyloid were indeed gamma 
globulin, combined with an unknown antigen as a specific precipitate, the same 
_ property should hold true. Finely ground specimens of amyloid-laden human 

livers and spleens therefore were incubated with rabbit antihuman gamma 
globulin. The amount of unreacted gamma globulin then was determined 
by combining it with a known amount of human gamma globulin. By this 
means it was possible to demonstrate, in unwashed livers and spleens, the 
amount of gamma globulin that would have been anticipated from the con- 
tained serum (for two normal livers, 1.8 and 2.8 mg./gm. wet weight; for two 
amyloid-laden livers,* 0.25 and 3.7 mg./gm. wet weight; for two normal spleens, 
2.1 and 8.3 mg./gm. wet weight; for two amyloid-laden spleens, 4.5 and 5.6 
mg./gm. wet weight). The gamma globulin present in blood and extracellu- 
lar fluid was then removed by extensive washing with saline. Following wash- 
ing, the residual material of the amyloid tissues (60 per cent of the original 
weight) stained intensely with crystal violet and Congo red. None of the 9 
normal residues contained demonstrable gamma globulins, nor did the residues 
from the two amyloid-laden livers. The residues from the amyloid-laden 
spleens contained 0.03 and 0.1 mg./gm. wet weight (original). Neither of these 

“amounts appeared sufficient to justify the conclusion that gamma globulin 
comprised a major component of the amyloid. 

None of these three experiments, therefore, provided support for the sug- 
gestion that amyloid is an antigen-antibody precipitate. On the other hand, 
_ the results of the Coons fluorescent staining technique in the hands of Mellors, 
and Ortega?® and Vazquez and Dixon® have shown that gamma globulin is 
preferentially bound in the sites of amyloid accumulation in both humans and 
tabbits with this disorder. Obviously, three negative experiments do not 
negate the results of one positive experiment. The authors suggest, however, 
that it is entirely possible that trace amounts of gamma globulin and other 
substances may be bound to amyloid, as is Congo red, for instance. The ques- 
tion whether amyloid is comprised of gamma globulin remains open at this 


date. 
Anatomic and Structural Studies of Amyloid 


In the course of the detailed histological studies of experimental amyloidosis 
in the rabbit” it was noted that amyloid was birefringent with polarized light. 
This observation, which also had been made by Missmahl and Hartwig,” sug- 


* One patient was nephrotic and had decreased serum gamma globulin concentration. 
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gested that the substance had a greater structural organization than previously — 


had been believed. In order to explore this possibility and to determine more 
precisely the earliest site of amyloid accumulation, electron microscope studies 
were undertaken. Tissues were fixed in Dalton’s solution and buffered os- 
mium tetroxide in sucrose. The results showed that, while amyloid appeared 


in close proximity to the basement membrane of the spleen and kidney” of the | 


rabbits, it usually could be differentiated from this membrane and appeared 
separate from it. The amyloid was always separated from the vascular bed by 
an endothelial lining. The amyloid exhibited a finely filamentous appearance, 
the filaments being much thinner than collagen and without the characteristic 
640 A periodicity of collagen. This filamentous appearance was characteristic 
of amyloid in both the spleen and kidney of the rabbits and in the kidney, liver, 
trachea, and skin of human patients with both primary and secondary amy- 
loidosis.22 The nature of these fibrils and their possible relationship to the 
pathogenesis of amyloidosis are not understood, and are currently under in- 
vestigation. 


The Effect of Variables on the Course of Experimental Amyloidosis 


The availability of a well-defined experimental model of amyloidosis provides 
an excellent opportunity for the assessment of possible therapeutic measures 
as well as of variables of theoretical interest. To date the effect of 3 variables 
has been studied, thus far only in a preliminary fashion. 

The first is the effect of cortisone. Teilum*® noted that in his mice rendered 
“preamyloidotic” by previously administered casein the administration of 
cortisone was followed by a marked acceleration in the rate of development of 
amyloidosis. This observation is of importance to clinicians because of the 
possible implications of administering corticoids to patients with rheumatoid 
arthritis, which already is known to predispose to this disease. In a prelimi- 
nary study in this laboratory, however, 18 rabbits were given caseinate (0.5 
gm. subcutaneously twice weekly) for 5 months. Eleven of these animals 
were given cortisone (5 mg./kg. 6 days per week) during the last 3 months of 
the injections. A comparison of the 11 cortisone-treated rabbits with the 7 
casein-injected controls revealed that the incidence of amyloidosis appeared to 
decrease slightly as a result of cortisone therapy. It could certainly be stated 
that the cortisone did not accentuate the disease. 

The next variable studied was splenectomy. This study was undertaken 
because Pirani e/ al.*° had noted in their casein-injected mice that the incidence 
and extent of amyloidosis in the kidneys of splenectomized mice was consider- 
ably less than that of nonsplenectomized animals. This observation sug- 
gested the possibility that amyloid is synthesized in the spleen and subsequently 
deposited in the kidneys. The incidence of amyloidosis of the kidney and 
liver in 6 splenectomized casein-injected rabbits therefore was compared with 
that in 12 casein-injected controls. Contrary to expectations, the incidence 
and extent of renal amyloidosis appeared slightly increased in the splenecto- 
mized animals. Amyloidosis of the liver, noted in only 1 of the 12 control 
animals, was seen in 3 of the 6 splenectomized animals. Furthermore, splen- 
ectomy appeared to accelerate the hexosamine elevation following the onset of 


Calkins et al.: Amyloidosis 1039 


_ the caseinate injections. Thus in the control animals the average hexosamine 


concentration after 3 weeks was 98 mg./100 ml. (S.D., 10.2; average initial 
value 80, S.D. 9.0). In the splenectomized animals the average hexosamine 
concentration after 3 weeks was 119 mg./100 ml. (S.D., 12.6; average initial 
value, 77, S.D. 12.8). After 3 months the average hexosamine concentrations 
in the two groups were 111 and 120 mg./100 ml., respectively. The reason 


for the apparent alteration in hexosamine response after splenectomy is not 


clear. While it is true that different species were used, other factors may also 
have contributed. 

The third variable studied was the effect of 6B-aminoethylisothiouronium 
bromide (AET). The use of this agent, a powerful sulfhydryl donor, was sug- 
gested by the observation that during the course of caseinate injections in the 
rabbits there is a fall in serum-free sulfhydryl concentration, from initial aver- 
age values of 38 umole/100 ml. (S.D., 6.7) to 23 umole/100 ml., (S.D., 1.7) after 
8 to 9 weeks of injections. This fall in serum-free SH concentration could be 
prevented by the oral administration of AET (100 mg. per rabbit per day). In 
initial experiments, however, it was not possible to prevent the development of 
amyloidosis by this means. 


Clinical Studies 


The ultimate objective of any studies of amyloidosis is to gain more under- 
standing of the disease in humans and, from this, to devise methods of pre- 
vention and cure. Throughout the conduct of the project we have regarded 
results in rabbits as exploratory only, until they can be demonstrated in human 
beings. The chemical studies reported above were done primarily on clinical 
material. The histological and electron microscopy observations have been 
made on material from patients as well as from rabbits. The observations of 
the relationship of prolonged hyperglobulinemia and hyperhexosaminemia to 
the induction of amyloidosis in rabbits are difficult to correlate with clinical 


-material because of the long follow-up that would be required. Observations 


on the sera of 8 patients with proved amyloidosis secondary to various inflam- 
matory diseases, as opposed to those on 9 individuals with so-called primary 
amyloidosis have shown several points of interest.*! All patients in both 
groups, with 1 exception, exhibited increased serum hexosamine concentrations, 


with average values of 151 and 157 mg./100 ml. respectively (normal, 75 mg./ 


100 ml.; with S.D. 11.9). This was true both of the patients with nephrosis 
(in whom it would be expected) and of those without nephrosis. Four of the 
patients with primary amyloidosis exhibited C-reactive protein reactions of 4+, 
as did 1 of the 4 patients with secondary amyloidosis on which this test was 
done. Serum electrophoretic patterns showed elevations in alpha and beta 


7 globulins in many instances. Few of the patients had hypergammaglobuli- 


¥ 
x 


-nemia, although it must be borne in mind that by the time the diagnosis had 


been made most of the patients had far-advanced disease. 

The patient with primary familial amyloidosis of the sort described by An- 
drade® and Rukavina ef ail.,2 had a normal hexosamine concentration and 
negative C-reactive protein reaction. i 

These observations suggest either that amyloid per se may act as an inflam- 
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matory stimulus—which appears unlikely in view of the lack of cellular infil- 
tration around accumulations of this substance—or that primary amyloidosis 
is associated with a metabolic abnormality that mimics the changes accom- 
panying chronic inflammation. Another possible explanation is that the pa- 
tients assumed to have primary amyloidosis had, in fact, undiagnosed inflam- 
matory disease. Thorough clinical study of each “primary” case, however, 
failed to provide evidence of such a disease. 

Another area where clinical investigation has revealed results of some interest 
pertains to the relationship between amyloidosis and the latex fixation test. 


Since both are presumably associated with protein abnormalities, one reasonably — 
might anticipate an association between the two. The latex fixation test — 


results proved to be negative in all of the 17 patients with primary or secondary 
amyloidosis in our clinic. On the other hand, preliminary studies of sera from 
100 patients with leprosy, conducted in collaboration with members of the 
United States Public Health Service Hospital at Carville, La., indicated, first, 
that there is a high incidence of positive latex reactions in this disease and, 
second, that there is a higher incidence of amyloidosis in patients showing 
positive test results than in those showing negative ones (E. S. Cathcart, R. Wil- 
liams, Jr., E. Calkins, and A. S. Cohen, in preparation). Only a few of the 
leprosy patients whose sera reacted in the latex test had rheumatoid arthritis. 
Further implications of this observation are currently under study. 


Conclusions 


Amyloid is a hydrophylic protein or proteins containing a significant moiety 
of carbohydrate, chiefly glucosamine, galactose, mannose, and fucose. It may 
contain some lipid. It is not collagen. 

Amyloidosis can be induced in rabbits by the subcutaneous administration 
of 5 cc. of 10 per cent sodium caseinate twice weekly. The experimental disease 
is closely analogous to the human disorder. 

Amyloidosis in rabbits is preceded by a period of increased serum concentra- 
tions of hexosamine and gamma globulin and by a decrease in serum-free 
sulfhydryl groups. 

Although casein appears to induce amyloidosis by virtue of an immunological 
process, thus far evidence from this laboratory is opposed to the conclusion 
that amyloid is an antigen-antibody precipitate. 

Amyloid, when fixed with osmic acid, has a characteristic fibrillar appearance. 
This appearance has been noted in all specimens of amyloid thus far studied, 
both in rabbits and in humans with primary and secondary disease. 

Amyloidosis in rabbits, induced by casein, is not accentuated by cortisone, 
nor is it inhibited by prior splenectomy. 

Amyloidosis in humans, both secondary and primary (primary familial 


amyloidosis excepted), is accompanied by an increased serum hexosamine 
concentration. 
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Discussion 


GusTAVE J. Damin (Peter Bent Brigham Hospital, Boston, Mass.): This 
comprehensive report answers many questions about amyloidosis. I am 
curious to know about the experimental animals and the cellular pattern in 
the marrow, spleen, and lymph nodes during the development of amyloidosis. 
In the spleen which you discussed, the lymphoid follicle was presumably 
atrophic. If amyloid is a cell product, one would expect plasmacytosis, per- 
haps in the marrow. 

CALKINS: Our histological studies are not yet complete enough to answer 
that question. 


—~ 
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GLOMERULAR EXTRINSIC MEMBRANOUS DEPOSIT 
WITH THE NEPHROTIC SYNDROME* 


B. Spargo and John D. Arnold 
Departments of Pathology and Medicine, University of Chicago, Chicago, Ill. 


The increasing use of serial renal biopsies in clinical medicine presents an 
unusual opportunity to study the ground substance of the glomerulus and to 


correlate morphologic and clinical changes. The presence of proteinuria and, 


frequently, of the nephrotic syndrome provides a means of selecting patients 
with potential lesions of the ground substance. 

The most striking lesion of the ground substance seen in this study of the 
glomerulus is the extrinsic membranous deposit (EMD). This lesion consists 
of basement membrane changes with diffuse accumulations of protein material 
that distort the epithelial cell. A membranous lesion of this type described 
by Jones,'? who used light microscopy, was classified as a form of chronic 


_ glomerulonephritis. Churg and Grishman? interpreted the lesion as the result 


% 


of the proteinuria and not specifically pathognomonic of a disease entity.’ 
Farquhar* and Movat and McGregor® added electron-microscopy findings, but 
classified their cases as an adult form of lipoid nephrosis. In our series of 187 
biopsies with successful electron microscopy in 74 per cent, 6 cases of EMD 
were diagnosed. We believe that the EMD and its associated clinical findings 
are a special subgroup of the nephrotic syndrome and that it is probably closely 
related to, or a variant of, systemic lupus. 


Methods 


Percutaneous renal biopsies were performed, using the technique previously 
described. Several 1-mm. cubes of renal cortex were immersed quickly in 
ice-cold 1 per cent osmic acid solution buffered at pH 7.35 with Veronal buffer.’ 


_ Fixation was for a 1-hour interval and was followed by dehydration through 


alcohols. The tissue was embedded in a mixture of n-butyl and methyl meth- 
acrylate polymerized by ultraviolet light. The glomeruli were identified in 
thick sections stained with Azure blue, and the glomeruli alone were sectioned 
at about 100 A on a Servall microtome. These were mounted on 100-mesh 


copper grids covered with Formvar film and examined with an RCA EMU-3D. 


Material for light microscopy was fixed in Helly’s fluid, paraffin-embedded, 
and serial-sectioned, and alternate sections were stained with hematoxylin and 
eosin, paS Alcian blue, and by the Mallory-Heidenhain method. 

A number of standard procedures for the clinical investigation of the cases 
with EMD were carried out as described in the clinical histories. In addition, 
repeated searches were made for lupus erythematosus (L.E.) cells in prepara- 
tions of the peripheral blood cells.8 Antistreptolysin O (ASO) titers were 
determined on occasion. At every clinic visit a complete urinalysis was car- 
ried out, with occasional electrophoresis of the urinary proteins. Blood pro- 


* The investigation reported in this paper was supported in part by Research Grants 
H-3690(C1) ed the Waticaal Heart Institute and A-1593(C2) from the National Institute 
of Arthritis and Metabolic Diseases, Public Health Service, Bethesda, Md. 
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teins were measured by the standard Howe precipitation techniques and by © 


paper electrophoresis with Veronal buffer at pH 8.6, using the Spinco Analytrol. 
Special tests made on these patients will be the subject of a forthcoming report. 


Observations 


Although 4 of the patients showed no sign of systemic disease, the other 2 © 


had systemic manifestations resembling the systemic lupus syndrome (cases 1 
and 2). 


CASE 1 


This white woman, born in Italy in 1922, appeared in good health until De- 
cember 1951 when, after an attack of tonsillitis, she was given penicillin. Three 
or 4 days later the joints in her hands, wrists, and ankles became painful and 
swollen. This joint pain lasted for 3 or 4 days. 


In March 1952 she developed a sensation of heaviness in the chest and a . 


fever. She was hospitalized for six weeks with a diagnosis of rheumatic fever 
and was kept on complete bed rest for the following seven months. 

Serial electrocardiograms during this period were said to show nonspecific 
myocardial changes, and the chest X rays were said to show a 100 to 150 per 
cent enlargement of the heart. Fluid was aspirated from the thorax. She 
was found to have a generalized lymphadenopathy, although there was no 
swelling or pain of the joints. 

Eight months prior to her first visit to our clinic in 1955 she had had a re- 
currence of hot red swollen metacarpal phalangeal joints and, to some extent, 
of the distal interphalangeal joints. Treatment with cortisone relieved these 
symptoms, which returned, however, when cortisone was discontinued. In 
June 1955, after sunbathing, she developed a rash on her upper chest and face. 
This rash led to the diagnosis of systemic lupus. 


Physical Examination 


The patient was a well-nourished and well-developed woman in no distress 
from the confluent erythematous rash described. There was moderate non- 
tender lymphadenopathy. The liver was palpable four fingerbreadths below 
the right costal margin, but the spleen was not palpated. There was a puffy 
swelling of both hands, including the fingers and wrists, which the patient 
thought had been a lifetime abnormality. There was no tenderness of the 
joints of the hand. There was a 2+ pitting ankle edema. 


Laboratory Data 


The white blood count was 5250; the hemoglobin was 10.8 gm./100 ml.; the 
sedimentation rate by the Wintrobe method was 61 mm./hour, corrected to 
34; the urine showed 1 to 2 red blood cells per high-power field and no protein; 
plasma albumin was 3.7 gm./100 ml.; globulin was 4.1 gm./100 ml.; urea clear- 
ance was 41 ce./ min. by the maximum flow formula; ASO titer was negative; 
C-reactive protein was 1+ ; LE cells were seen in preparations of the peripheral 
blood. The heart was 22 per cent oversized (shown by X ray). During her 
first hospitalization she had a small temperature rise, and the skin rash gradu- 
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ally faded. She was given 10 mg. prednisone 3 times a day; this provided 
great relief of her joint pains and fever. She remained well for the subsequent 
4 years on small doses of Meticorten and salicylates. 

A second hospitalization was occasioned in 1959, after the patient had be- 
come more active. She had noted increased exertional dyspnea, a persistent 
ankle edema, and a steady gain in weight that did not disappear with the ad- 
ministration of chlorothiazide. On admission, her blood pressure was 113/60 
mm. Hg; the pulse was regular at 84/min.; her temperature was normal. 


_ There was a noticeable butterfly rash over the face. A soft systolic murmur 


was heard over most of the precordium, being loudest over the base of the 
heart, and radiating to the right side of the neck. Multiple small lymph nodes 
were palpated in the cervical area, but these were not tender. There was a 
slight enlargement of the heart. Both legs had 2+ pitting edema extending 
to the thighs, and there was a slight sacral edema. 


Laboratory Data 


The white blood count was 5000; the hemoglobin was 10.9 gm./100 ml.; the 
sedimentation rate was 62 mm./hour; the platelet count was 145,000; there 
were 1.2 per cent reticulocytes; the bleeding and clotting times were normal; 
the urine contained protein, occasionally hyaline, cellular, and granular casts, 
numerous white cells, and doubly refractile fat bodies. The serum albumin 
was 1.5 gm./100 ml.; the globulin was 3.6 gm./100 ml.; the urea clearance was 
17 cc./min. (square root formula); the total cholesterol was 360 mg./100 ml. 


_ The patient had consistently positive L.E. preparations of the peripheral blood. 


The electrocardiogram was normal at this time, but the chest X ray showed 
a cardiomegaly of 20 per cent. Serial urine protein determinations demon- 
strated a 24-hour output ranging from 7 to 18 gm. On bed rest, the patient 
lost 7 kg. of body weight. A percutaneous renal biopsy was carried out with- 
out incident, and she was discharged on hospital day 19, improved. 

Renal Biopsy. The glomeruli are uniformly involved. A mild glomerular 
hypercellularity is due to endothelial cell proliferation. The capillary walls 
are thickened and show a “‘wire-loop”’ appearance by light microscopy. Elec- 
tron photomicrographs of the glomeruli localize the change responsible for the 
capillary thickening at the area between the basement membrane and the 
epithelial cell. The basement membrane in the areas of thickening is less 
dense and has poorly defined margins and, occasionally, droplets and vacuoles. 
The outer surface of the basement membrane is covered in these areas by an 
osmophilic material that separates the foot processes of the epithelial cells 
and frequently separates the epithelial cell and the basement membrane. 

The glomeruli contain hyaline thrombi, focal necrosis, and hematoxylin- 


_ stained bodies. There are synechiae over the most severely damaged lobules. 


The cortical tubular pattern is slightly distorted; tubular cells are enlarged 
and contain hyaline and fatty droplets. There are a few granular and hyaline 
casts. Small focal interstitial infiltrations consist of lymphocytes. The ar- 
terioles and small arteries appear normal. 

The electrophoretic pattern of the serum is shown in FIGURE 1. At the time 
of this report the albumin has diminished to 4.3 gm./24 hours, and the serum 
electrophoretic pattern has returned to normal. 
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As adjudged by the usual criteria, this case belongs to the disease spectrum 
called systemic lupus erythematosus. If, however, this patient never had had 
a severe exposure to sunlight and thereby the cutaneous rash, then the only 
direct evidence of the presence of systemic lupus would have been the L.E. cells 
in the peripheral blood. At one time she had been examined and treated for 
7 months for acute rheumatic fever. Another point of interest is that this 
patient, despite a rather long illness, has had a remarkably benign course. 
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Ficure 1. Electrophoresis of serum from patient 1. 


CASE 2 


This white married woman was born in 1908. For more than 15 years prior 
to her hospital admission in 1959 she had been troubled with persistent ar- 
thritis, varying from a mild arthralgia to acute, swollen, tender, hot joints; 
the symptoms lasted for 3 or 4 days. She had swelling of the joints and 214 
years ago she took cortisone, but stopped it because of nausea. tig 


Oe 
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Shortly after this she had a marked diminution of vision in her right eye, 
and now is found to have optic atrophy. Some 2 months prior to admission 
in 1959 she developed anasarca and gained 12 lb. in several days. She had an 
albuminuria and did not respond to diuretics. A few weeks prior to admission 
she was found to have right flank pain that spread to the anterior chest. She 
gave a history of pleurisy 2 years prior to this admission. There was no his- 
ae fever or sun sensitivity, but she has an allergy to penicillin and sulfon- 
amides. 


Physical Examination 


Right optic atrophy was noted. There was some fusiform swelling of the 
fingers, impaired motion of the left wrist, and swelling of the right knee. There 
was also a trace of pitting edema of the extremities below the knee. 


Laboratory Data 


The urine showed albumin and occasional granular casts, a few broad casts, 
a few red cells, and 25 to 30 white blood cells per high-power field, with doubly 
refractile fat in the cells; the sedimentation rate, Wintrobe-corrected, was 44 
mm./hour; the hemoglobin was 12.7 gm./100 ml.; the red blood cell count was 
3.7 million; the white cell count was 8100; the platelet count was 198,000; the 
bleeding time, clotting time, prothrombin time, and clot retraction time all 
were normal. A chest X ray revealed marked pleural effusion on the right. 
No LE cells were demonstrable in several examinations of the peripheral blood. 
A right renal biopsy was performed. The urea clearance was 45 cc./min. by 
the standard formula; blood urea nitrogen content was normal. Plasma al- 
bumin at this time was 1.6 gm./100 ml. and globulin was 3.7 gm./100 ml. To- 
tal cholesterol was 390 mg./100 ml., with esters of 275 mg./100 ml. She lost 
weight on a low-salt diet. 

Renal biopsy. Twenty intact glomeruli are present. These are normally 
cellular and are not enlarged. The most characteristic change is a uniform 
thickening of the glomerular capillaries that does not result in narrowing or 
occlusion of the lumen. Electron microscopy of glomerular thickening sug- 
gests that the change is primarily in the epithelial cell with accumulation of 
material obliterating the foot processes at the junction with the basement mem- 
brane (FIGURES 2 and 3). The distortion of the epithelial cells is pronounced 
and, in some situations, cytoplasmic inclusions in these cells extend to the area 
of the nucleus. The other cytoplasmic particulates of the glomerular epithelial 
cells are not remarkable. The basement membrane is thickened only slightly. 
The endothelial cytoplasm in these areas is intact and has normal numbers 
and sizes of pores. In the area of the lobular stalk, however, the basement 
membrane is folded and occasionally thickened in at least 50 per cent of the 
glomeruli. This change results in the distortion of endothelial nuclei, but is 
accompanied by no proliferative change. The glomerular space contains no 
debris. There are no fibroepithelial crescents and no periglomerular fibrosis. 
The tubular pattern is normal except for mild separation not accompanied by 
deposition of collagen material. Focal accumulations of mononuclear cells are 
present in 2 or 3 places. These are not associated with focal tubular damage 
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Ficure 2. This electron micrograph of a glomerular capillary from patient 2 shows the 
characteristic appearance of the extrinsic membranous deposit. The basement membrane, 
while clearly outlined at the upper left, becomes lighter and has vague borders in areas of 


more severe involvement (BM). There are irregular spikelike extensions into the deposits 
(INC) that separate the epithelial cytoplasm (EPITH CYT) from the basement membrane. 
Bowman’s space (BOW SP) is not distorted by proliferative changes. The endothelial 
cytoplasm (END CYT) along the involved basement-membrane appears normal. CAP L, 
capillary lumen. Osmium fixation. 4000. 
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or occlusion. The tubular lumen contains small amounts of granular material 
and, occasionally, partially sloughed cells are present. Many of the collecting 
tubule cells have accumulations of hemosiderin pigment along the luminal 
borders. Small arteries and arterioles are not remarkable, although a medium- 
sized artery included in the biopsy at the corticomedullary junction has a 
marked focal fibrous thickening of the intima. 


Comment 


This case, while not demonstrating the full gamut or any of the pathogno- 
monic features of systemic lupus, comes very close to falling within the spec- 
trum of systemic lupus erythematosus and is not dissimilar in this respect from 
the preceding case. The patient has not been seen for follow-up examination, 


CASE 3 


This married white woman was born in 1903. In 1947 she began having 
edema of the lower extremities, which has become worse since 1953. In 1949 
she began having periorbital and malar edema that was worst in the morning. 
Hematuria had been observed on at least 1 occasion during this time. 


Physical Examination 


When she was admitted in 1958, her blood pressure was 170/70 mm. Hg with 
regular pulse of about 82/min. There was 3+ pitting edema of the feet ex- 
tending to the knees. 


Laboratory Data 


The urinalysis revealed 10 to 15 red cells per high-power field, 1 to 3 white 
cells per high-power field, and doubly refractile fat bodies; there was 2+ to 4+ 
albumin in the urine. Plasma albumin was 2 gm./100 ml.; the globulin was 
3.1 gm./100 ml. The plasma albumin during the period of our observations 
in 1958 reached a low of 1.3 gm./100 ml. and globulin, a high of 4.4 gm./100 
ml. Total cholesterol reached a level of 350 mg./100 ml. 

Renal biopsy. Two renal biopsies were carried out, one on November 13, 
1958, and one on December 19, 1958. The first renal biopsy shows normal- 
sized glomeruli with regularly thickened capillary loops. Electron photomicro- 
graphs confirmed that this thickening was due to an extrinsic deposit of os- 
mophilic material between a poorly limited extrinsic margin of the basement 
membrane and the badly distorted epithelial cell. Irregular spikes of base- 
ment membranelike material extend into the extrinsic membranous deposit. 
No proliferative changes are seen in the endothelial or epithelial cells. Bow- 
man’s space contains granular material. There is focal tubular atrophy, but 
casts are not conspicuous. There is no evidence of venous occlusion. A re- 


pes biopsy made one month later shows little progression of the glomerular 
change. 


Clinical Course 


Following the sudden appearance of neurological symptoms, she was found 


to have an intracerebral neoplasm. Surgery for this was not successful and it 
caused her eventual death. 
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Comment 


This case is difficult to analyze because the patient’s death from metastatic 
disease destroyed any possibility of follow-up on, or appraisal of, the life his- 
tory of the extrinsic membranous lesion of the kidney, or a more detailed ex- 
amination of the patient’s plasma proteins. It is of interest, however, that 
the patient showed none of the forthright symptoms of systemic lupus. 


CASE 4 


This married white woman was born in 1886. She entered the hospital 
December 17, 1958, because of a swelling of the ankles for the preceding 6 
months. Her past history had been largely uneventful, except for a photo- 
phobia, ready bruising, and joint pains. The character of the joint pains was 
nonspecific. She was given 20 mg. of prednisone daily for 10 days. At the 
end of that time her urine was free of albumin, but her edema had increased. 


Laboratory Data 


On her admission, plasma albumin was 1.8 and 1.6 gm./100 ml. on Decem- 
ber 17 and December 26, respectively. Serum cholesterol was 660 mg./100 
ml. both times. On December 24 her 24-hour protein output was 3.5 gm. 

Renal biopsy. Biopsy performed on December 26 shows thickened glo- 
merular capillary loops, with obliteration of most of the foot processes of the 
epithelial cells. The deposit outside the basement membrane fuses with a 
poorly defined outer border. The endothelial cells appear normal, and there 
is no narrowing of the capillary lumina. The interstitial space is conspicuous, 
with a diffuse atrophy of many tubules. There is no cellular exudate. 

Two peripheral blood preparations were negative for lupus. The patient 
was discharged from the hospital, and there has been no follow-up. 


Comment 


It is impossible in this case to eliminate the possibility of systemic lupus or 
its variants. The history of mild joint pains and photophobia is suggestive, 
but of no real help in the diagnosis. Moreover, the lack of follow-up makes a 
resolution of these problems impossible. It is of interest, in speculating on 
the pathogenesis of the EMD, that at the time of the renal biopsy the patient 
was losing a moderate amount of protein, 3.9 gm./24 hours. 


CASE 5 


A single white male, born August 25, 1930, was seen in December 1956. He 
complained of fatigue of 6 months’ duration and swelling of the lower extrem- 
ities of 16 months’ duration. 

The patient was apparently well prior to September 1955, at which time he 
first noticed the onset of a gradually increasing ankle edema. Treatment with 
mercurial diuretics gave only temporary relief, and he was hospitalized in June 
1956 because of anasarca. Treatment with adrenocorticotropic hormone and 
cortisone gave relief of thisedema. The patient has continued to suffer fatigue. 
There is no history of rheumatic fever or scarlet fever in his past. 
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i logic test result 

Repeated tests for L.E. cells gave negative results. The serolog 
was epee the sedimentation rate was 13 mm./hour (Wintrobe method); 
the hemoglobin was 16 gm./100 ml.; the white cell count was 7800; the urine 
showed 2+ protein, rare hyaline and cellular casts, 3 to 12 red cells per high- 


Ficure 4. Light microscopy of a glomerulus from patient 5 shows the diffuse thickening 
of the capillaries. Hematoxylin and eosin. 430. 


power field, 0 to 3 white cells per high-power field, with an occasional cast 
loaded with doubly refractile fat; the urea clearance was 111 cc./min. by the 
maximum flow formula; ASO titer was 1:100; the serum cholesterol was 350 
mg./100 ml. 

Renal biopsy. All glomeruli are normal in size and have a uniform appear- 
ance. ‘There is a mild endothelial cell proliferation, but the major change is a 
thickening of the glomerular capillaries (FIGURE 4). ‘The basement membrane 
is normal in thickness. Separating the basement membrane and the epithelial 
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- cells is a regular thick band of material that occasionally includes portions of 
the epithelial cells, but occasionally has normally formed foot processes on the 
outer margin. There are many hyaline droplets in the cytoplasm of the epi- 
thelial cells, and an occasional glomerulus has a fibroepithelial crescent. Bow- 
man’s capsule and many tubules contain granular debris. 
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Fictre 5. Electrophoresis of serum from patient 5. 


From the time of his first visit in 1956 until 1960, the patient’s plasma al- 
bumin ranged from 2.2 to 4 gm./100 ml. The average urine loss was 10 gm./ 
day. In May 1959 the urea clearance was 82 cc./min. A recent electro- 
phoretic pattern of his plasma is shown (FIGURE 5). 


Comment 


The patient has been under observation for 4 years and has a history of al- 
most 6 years of edema. The edema has been intermittent, although its degree 
has ranged widely, from slight pitting edema of the ankles to massive anasarca. 
During this period the kidney function has remained within normal limits. 
The patient has been in reasonably good health otherwise, and has shown no 
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evidence of systemic disease. His edema responds well to adrenal cortical 
steroids. 
CASE 6 


A mulatto male, born in 1901 was seen in the University of Chicago Clinics 
for the first time in October 1958. He gave a history of ankle swelling of 6 


ae A 


weeks. One year prior to admission he had had intermittent, early morning ~ 


aching in the proximal interphalangeal joints of both hands without swelling 
or redness. In addition to the dependent edema, he also had noted shortness 
of breath on climbing 3 flights of stairs. There was no history of other joint 
involvement, pleurisy, or allergy. 


Physical Examination 


The patient had a blood pressure of 160/110 mm. Hg, with a regular heart 
rate of 72/min. There were no rashes, the lymph nodes were not enlarged, and 
the spleen was not palpable. The patient had pitting edema of the extremities 
and of the sacrum and crepitus of the right knee. 


Laboratory Data 


The hemoglobin was 11.8 gm./100 ml.; the red cell count was 4.25; the sedi- 
mentation rate was 58 mm./hour; the urine always contained 4+ albumin, 
frequently with coarse and fine granular casts and occasionally with fatty casts 
with doubly refractile fat; there were 8 to 10 red blood cells per high-power 
field; 3 preparations for lupus were normal; the total cholesterol was 480 mg./ 
100 ml. The plasma albumin was 1.5, 1.2, and 1.4 gm./100 ml.; the globulin 
was 3.9 and 3.3 gm./100 ml. The heart size appeared normal by X-ray ex- 
amination. The electrocardiogram was normal. The patient improved with 
a low salt diet, prednisone, and bedrest. 

Renal biopsy. Biopsy performed at the first admission shows 22 glomeruli 
in an area of unscarred cortex. The glomeruli have a diffuse thickening of the 
capillary loops with material that stains as a blood protein. Electron micros- 
copy reveals an extrinsic membranous deposit with inclusions in the cytoplasm 
of the epithelial cells. The glomeruli are normally cellular, have normal cap- 
illary lumina, and there is no debris in Bowman’s capsule. There is a slight 
increase in interstitial fluid and an occasional small focal infiltration with 


lymphocytes. Scattered hyaline casts are seen, and some tubular cells contain 
hemosiderin pigment. 


Physical Examination, Second Admission 


The patient was hospitalized again because of epigastric pain and black 
stools. An X-ray diagnosis of peptic ulcer and bronchopneumonia was made. 
These responded to medical management. Another hospitalization was made 
for fever, a rash, and abdominal cramps, presumably due to sensitivity to 
phenobarbital. Progressive swelling of the arms and legs and exertional dysp- 
nea and orthopnea necessitated readmission. These complaints have re- 
sponded indifferently to therapy, and a chronic anasarca has persisted to the 


time of this report. A number of experimental drugs for relief of this edema 
has been tried without effect. 
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The plasma protein has fallen as low as 14 gm. of albumin per 100 ml. with 
a globulin of 4.6 gm./100 ml. The cholesterol has remained high. Numerous 


preparations for L.E. cells have been negative. There has been a maximal 
proteinuria of 48 gm./day. 


----NORMAL SERUM 
PATIENT’S SERUM 


? 


es eo we ee we es ae ee a eS ee eS eS SS oe 


Cul (22 3 47> 5- 6 TF @ 9 0 0 


Ficure 6. Electrophoresis of serum from patient 6. 


In 1958, the urea clearance was 52 cc./min.; hemoglobin was 11 gm./100 
ml. In 1959, the urea clearance was 56 cc./min. (square root formula), and 
_ hemoglobin was as low as 6.7 gm./100 ml. The reticulocyte response had 
been good during this time, with a high of 12.4 per cent. The serum calcium 
was observed at 7, and phosphorus at 5 mg./100 ml. The other serum elec- 
trolytes were normal. A glucose tolerance test gave a normal result. The 
electrophoretic pattern during one of the severe episodes of anasarca is shown 
in FIGURE 6. 

A repeat renal biopsy on March 11, 1959, showed no progression of the lesion. 
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Comment 


Except for anasarca, this patient shows a minimal systemic reaction asso- 
ciated with EMD of the glomerulus of the kidney. If these systemic findings 
are significant, then the most that can be found in support of a diagnosis of 
generalized collagen disease is the short history of joint pain and crepitus. The 
patient’s response to steroids has been minimal. 

On his initial admission, the patient responded well to salt restriction and 
prednisone. Since then, however, the drug has not reduced the degree of al- 
buminuria. Despite his continued and rather massive albumin loss over a 
period of 214 years, his renal function, as measured by urea clearance, has re- 
mained normal. There have been no L.E.-positive preparations. Basically, 
this appears to be a disorder of the connective tissue, with a minimal cellular 
reaction confined almost exclusively to the kidney. 


Discussion 


The glomerular EMD found in these cases is significant for several reasons. 
As a striking and conspicuous lesion seen in the biopsy series, it may have di- 
agnostic importance. Furthermore, the morphology of the lesion provides a 
real clue to its pathogenesis. The one constant concomitant of the EMD has 
been the presence of albuminuria. In addition, the full nephrotic syndrome 
frequently is present at some point in the course of the disease. 

The EMD seems to consist of variable amounts of protein material deposited 
along the outer surface of the basement membrane (FIGURE 2). The basement 
membrane, usually a uniformly hyaline structure, is less dense in this area, 
has less regular margins, and frequently may be shown to contain vacuoles 
(FIGURE 3). Occasionally it has droplets that stain as the main deposit, sug- 
gesting the movement of visible masses of material from the capillary lumen 
to the urinary space. These morphologic changes in the adjacent basement 
membrane, as well as the proteinuria, suggest that the EMD is formed by the 
deposition of some macromolecules derived from the blood. An alternative 
hypothesis is that some of the usually soluble molecules derived from the cells 
of the glomerulus have coagulated in situ. 

The epithelial cell change is variable. In many instances the foot processes 
remain, but are separated by dense material; however, in other areas the foot 
processes have been separated from the basement membrane and focally dis- 
torted (FIGURE 2). The epithelial cell cytoplasm is vacuolated and contains 
droplets (FIGURE 7); however, this is a common nonspecific change that we 
have seen in almost every biopsied case with proteinuria. Although the change 
in permeability of the basement membrane is the most important functional 
disturbance associated with the EMD lesion, the EMD may be the consequence 
of this rather than the cause. In our series, the former is suggested by the 
fact that a number of cases show severe prolonged proteinuria in the presence 
of the nephrotic syndrome without having the EMD. 

As presented under Observations, this lesion has been found in 6 cases that 
clinically presented with the nephrotic syndrome. In addition, 2 cases show 
evidence of systemic lupus erythematosus. The remaining 4 cases have no 


clearly diagnosable systemic disease but several show mild systemic com- 
plaints referable to the connective tissue. 
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Several problems are posed by these findings. First, although the lesion is 
found in 2 cases of systemic lupus erythematosus, is it a necessary part of the 
lupus syndrome? In our series, 7 other cases with lupus nephritis did not 
have this lesion. They showed a change most marked in the basement mem- 
brane and the endothelial cells.° Frequently, the basement membrane was 2 
to 4 times its normal thickness (FIGURE 8) but remained hyaline with no changes 


Ficure 7. This glomerular epithelial cell contains many cytoplasmic droplets, some of 
which contain remnants of mitochondrial cristae. These droplets are frequently found with 
proteinuria. 15,000. 


of the type seen in EMD. Deposits described as fibrinoid were inside the 
basement membrane (FIGURE 9) and the endothelial cells, in the cases of sys- 
temic lupus erythematosus,’ in contrast to the EMD, which was associated 
closely with the epithelial cells. The possibility must still be considered that 
the EMD is an early stage or a variant of the lupus nephritis lesion as this is 
now described. 

The second possibility that must be considered is that this is a general phe- 
nomenon of collagen diseases affecting the kidney. On this point we may re- 
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FicurE 8. The changes of lupus nephritis frequently include thickening of the basement 
membrane (BM), proliferative changes in the endothelial cell (END NUC), and hyaline 
thrombi (HY TH). 4000. 
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view examples of specific connective tissue diseases from our series. Renal 
changes of rheumatoid arthritis may be demonstrated where there is moderate 
proteinuria (FIGURE 10). In this disorder, the basement membrane of the 
glomerular capillary is thickened uniformly. There are areas of irregular 
. density. Endothelial proliferative changes are less marked than those of lupus 
“nephritis and are more focal. Acute rheumatic fever also frequently has 


-Ficure 10. A mild focal endothelial cell proliferative glomerular change. Rheumatoid 
arthritis. The basement membrane is thickened and occasionally contains vacuoles. 4000. 


glomerular lesions. The most prominent change is a severe endothelial cell 
proliferation with irregular folding and thickening of the basement membrane, 
especially in the lobular stalk area (rrcuRE 11). The lesions of the latter 
_ type may take on a variety of forms, depending on the degree of cellular exu- 
_ date and epithelial cell proliferation. Chronic glomerulonephritis’® frequently 
has few glomeruli, and much of the fine structure is obliterated (FIGURE 12). 
_ There is a conspicuous endothelial cell proliferation and fusing of the glomeru- 
lar capillaries into a lobular pattern. In scarred areas, epithelial cell foot proc- 
esses may be absent. Fibroepithelial crescents were rare in our material. In 
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areas of the most marked endothelial cell proliferation there are basement 
membrane changes, especially in the area of the lobular stalk. This last 
change, which appears to be nonspecific in type, may be produced by glomeru- 
lar ischemia. Complete hyalinization of the glomerulus is produced by a 
peripheral extension of the basement membrane folding, with loss of cells. 
Secondary amyloidosis" has a pathognomonic appearance by electron micros- 
copy. The material is fibrillar and contrasts with the hyaline basement mem- 


Ficure 11. A partially fused lobule from a case of acute rh tic f i 
preservation of the foot processes of the epithelial cells (FP). Sa ee 


brane (FIGURE 13). Larger accumulations extend into the capillary lumen and 
distort the endothelial cell by extending through the basement membrane into 
the epithelial cell. In none of these connective tissue diseases showing renal 
manifestations is there evidence of a change of the extrinsic membranous type. 
The relationship between the EMD and the poorly defined clinical concept 
lipid nephrosis, also must be considered. In each situation there are conspic- 
uous epithelial cytoplasmic changes. Farquhar and Movat and McGregor® 
have described electron photomicrographs of a similar change that they inter- 
preted as a form of adult lipid nephrosis. Since lipid nephrosis even in child- 
hood is a poorly defined clinical entity without a known etiology or pathogen- 
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esis, it is difficult to exclude from these considerations. The one definite 
diagnostic sign of lipid nephrosis is fusion of the glomerular foot processes; 
this has not been a consistent finding in our series of cases with EMD. 
Obviously, our present data do not resolve the problem of the nature of the 
EMD and its associated clinical findings. We believe, however, that the size 
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Ficure 12. Chronic glomerulonephritis. Extensive distortion of the glomerular stru 
tures is shown, with folding and thickening of the basement membrane in areas of endothelia 
proliferation. ><3000. 


of the sample is sufficiently large to draw a tentative conclusion on epidemio- 
logical grounds, that EMD represents a unique entity belonging to the 
connective tissue group of diseases. The evidence of its association with this 
group of diseases is found first of all in its morphologic nature. Thus the EMD 
seems to involve primarily the ground substance and secondarily the cells. 
Strong clinical evidence of a syndrome closely related to lupus is found in two 
of the four cases that have a variety of findings suggestive of the connective 
tissue diseases. 
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Evidence that this may be a unique lesion is taken from the fact that a vari- 
ety of related syndromes has been studied without finding this lesion. It may 
be pointed out that sampling errors have been minimized in this study by the 
fact that the lesion is So diffuse and uniformly distributed that examination of 
even a portion of a glomerulus reveals its presence. As a working hypothesis, 


Ficure 13. Secondary amyloidosis (AM) involvin istincti 
; g the glomerulus h - 
Re aa is areal Laie oe basement membrane cad the endothelsl cel; Tae 
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we prefer the interpretation that the EMD and its associated clinical findings 
comprise a member of the connective tissue group of diseases that may even 
be a variant of systemic lupus. 
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REACTIONS TO HOMOLOGOUS AND HETEROLOGOUS 
FIBRIN IMPLANTS IN EXPERIMENTAL ANIMALS 


S. K. Banerjee and L. E. Glynn 


Rheumatism Research Unit (Medical Research Council), Canadian Red Cross M emorial 
Hospital, Taplow, Maidenhead, Berkshire, England 


The eosinophilic necrotic material that is so conspicuous a feature in the 
center of a rheumatoid nodule consists of fragments of collagen in various stages 
of disintegration and embedded in a noncollagenous matrix. The latter is 
composed largely of fibrin and other exuded plasma proteins, as revealed by 
staining with fluorescent antibodies (Gitlin e¢ al., 1957; Banerjee, 1958), and 
is digested readily by trypsin (Ziff e¢ al., 1953; More and Movat, 1957). In 
view of this ready digestibility by trypsin and the presence of trypsinlike en- 
zymes in the tissue fluids, it is difficult to explain the persistence of these plasma 
proteins within the nodule. In the hope that some light would be thrown on 
this problem a study was undertaken of fibrin fragments implanted subcu- 
taneously in experimental animals. 

Fibrin was prepared aseptically from blood taken into citrate dextrose solu- 
tion by adding either bovine thrombin, 25 U./100 ml., or calcium chloride, the 
red cells having been removed previously by centrifugation. After the clot 
had retracted fully, it was cut into fragments, and excess fluid was removed by 
squeezing with sterile gauze. Fibrin was obtained in this way from rats, 
guinea pigs, sheep, cows, and humans, and fragments weighing 200 to 250 mg. 
were implanted subcutaneously into rabbits and, occasionally, into rats and 
guinea pigs. Implants were removed at intervals between 4 and 56 days after 
implantation, fixed in formol-saline, and studied histologically. In some ani- 
mals the reaction to repeated implantation also was studied. Samples of fibrin 
were tested for sterility before and after implantation. 

The results as illustrated in FIGURES 1 to 6 show a striking difference between 
the homologous and the heterologous implants. In rabbits a homologous im- 
plant at 7 days (FIGURE 1) is penetrated diffusely by plump fibroblasts and 
capillaries; at 14 days (FIGURE 2) the processes of the fibroblasts form a diffuse 
network with consequent fragmentation of the fibrin, while at 21 days (r1c- 
URE 3) the implant virtually is replaced by a fibrocellular scar so small that 
it is often difficult to find with the naked eye. The reaction to a heterologous 
implant differs little from that to a homologous implant for the first 4 days, 
but subsequently the invading cells undergo a rapid necrosis and their nuclear 
debris may form a conspicuous zone at its margin (FIGURE 4). The host tissue 
surrounding the implant becomes the site of a considerable proliferation of 
fibroblasts and histiocytes that, by about the twenty-fifth day, have arranged 
themselves with their long axes at right angles to the surface of the implant 
thus forming a palisade strongly reminiscent of that seen characteristically 
around the necrotic zone of a rheumatoid nodule (r1cuREs 5 and 6). More 
peripherally, in the loose connective tissue, a considerable new formation of 
small vessels occurs, not diffusely but in focal aggregations associated with a 
variable degree of perivascular cellular infiltration. This gives the appearance 
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Ficure 1. Rabbit fibrin implanted in a rabbit. After 7 days there is extensive invasion 
of the implant by fibroblasts and capillaries. Hematoxylin and eosin; 140. 


Ficure 2. An implant similar to that shown in FiGuRE 1 removed after 14 days. The 
fibroblastic infiltration has penetrated to the center of the implant, which is separated into 
small fragments by the meshwork of cell processes. Hematoxylin and eosin; X140. 
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of multiple vascular granulomata in the vicinity of the implant (FIGURES 7 and 
8). This cellular infiltration consists chiefly of lymphocytes and plasma cells, 
but has small numbers of polymorphs in the early stages. Here, too, the re- 
semblance between these granulomata and those found typically in the pe- 
riphery of rheumatoid nodules is remarkable (FIGURE 9). ' 

Since the physical and chemical differences between fibrins of different mam- 
malian species are small, fibrins probably are not responsible for the observed 
differences in response. On the other hand, the known immunological differ- 
ences suggest strongly that the peculiarities of the response to the heterologous 


Ficure 3. A homologous fibrin implant in a rabbit, removed after 21 days. The im- — 


plant virtually has been replaced by a moderately vascular fibrocellular scar. Hematoxylin 
and eosin; X112. 


implants are the expression of an immunological reaction to a mass of foreign 
protein. This interpretation is supported by the following observations: 

(1) The differences between the two types of implant are not immediately 
apparent. Presumably, the time interval is that required for the immun 
reactions of the host to become manifest. 

(2) Circulating antibody to bovine fibrinogen was found in the serum of a 
rabbit 50 days after the animal had received an implant of bovine fibrin. This 
was demonstrated readily by the Ouchterlony plate method. A positive Arthus 
reaction also was given by the same animal when injected intracutaneously 
with bovine fibrinogen. Since heterologous fibrin is strongly antigenic, there 
can be little doubt that similar antibodies to the other foreign fibrins would be 
found if sought for in the recipients of the foreign implants. 
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Ficure 4. (Top) A heterologous implant of sheep fibrin into a rabbit, removed after 28 
days. The cells that have invaded the fibrin have undergone necrosis, and their pyknotic 
and fragmented nuclei are scattered through its peripheral zone. The cellular palisade is 
conspicuous. Hematoxylin and eosin; X 112. (Bottom) Bovine fibrin removed 25 days after 
implantation in a rabbit. The marginal zone of the implant is heavily infiltrated with the 
nuclear debris of necrotic cells. Living cells are conspicuously absent from the implant, but 
form a well-defined capsule around it. The gap between them is a fixation artifact. Hema- 


toxylin and eosin; X210. 
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Ficure 5. (Top) Implant in a rabbit of human fibrin removed after 28 days. This 
shows a well-marked palisade and the failure of cellular invasion. Hematoxylin and eosin; 
140. (Bottom) A rheumatoid nodule showing the typical cellular palisade. Hematoxylin 
and eosin; X 112. 
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Ficure 6. (Top) Implant of sheep fibrin in a rabbit, removed after 14 days. The 
palisade formation is already well developed. Hematoxylin and eosin; 112. (Bottom) 
Another rheumatoid nodule, showing the close resemblance of its palisade to that formed 
around a heterologous implant. Hematoxylin and eosin; X 112. 
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Ficure 7. (Top) Human fibrin implant removed from a rabbit after 25 days. The 

developing vascular granulomata are seen in the connective tissue in the vicinity. Hema- 

toxylin and eosin; X60. (Bottom) Vicinity of a bovine fibrin implant removed from a rabbit 


after 4 days. It had been implanted 4 months after a previous implant. Note the early 
development of the granulomata. Hematoxylin and eosin; 112. 
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(3) A large number of plasma cells is present both in the perivascular infil- 
trations and, more diffusely, in the loose areolar tissue adjacent to the implants. 

(4) There is a suggestion of an accelerated reaction to reimplantation of 
heterologous fibrin. 

(5) Acute necrotizing arteritis is found in the area of such accelerated re- 
actions (FIGURE 10). 

Thus the experimental results show that, when fibrin and its in vivo environ- 
ment are foreign to each other, there is a breakdown of the usual mechanism 


ofits absorption. The histological appearance suggests that fibrin, after a few 


the adjacent connective tissue. Hematoxylin and eosin; X112. 


days’ sojourn in a heterospecific host, is a medium unsuitable for the survival 


of invading host cells. Moreover, this unsuitability apparently is a manifes- 


tation of an immune reaction of the host to the foreign protein of the implant. 
No satisfactory explanation, however, is yet available to account for the ap- 
parent resistance of the implant to the proteolytic enzymes of the tissue fluids. 
Whether this resistance is due to a lack of penetration of these enzymes through 
the palisade or to the deposition of some specific protective material within 
the implant remains to be resolved. 

The chief interest of these experiments, however, lies in the remarkable 
similarity between the reaction to the heterologous implants and the subcu- 
taneous nodule of rheumatoid arthritis. An outstanding difference is the 
presence within the so-called fibrinoid center of the nodule of fragments of 
collagen in various stages of disintegration. Any specific stain for collagen 
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FicurE 9. (Yop) Perivascular cellular infiltration in a rabbit, in the vicinity of an im- 
plant of human fibrin after 14 days. The majority of the infiltrating cells belong to the 
plasma cell series. Hematoxylin and eosin 3 X350. (Bottom) Perivascular cellular infiltra- 
tion in the vicinity of a rheumatoid nodule. Here, too, the majority of the infiltrating cells 
are plasma cells. Hematoxylin and eosin; X350. 
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Ficure 10. (Top) Acute necrotizing arteritis in the subcutaneous tissue of a rabbit 4 
days after it had received an implant of bovine fibrin. The rabbit had received a similar 
implant 4 months before. Hematoxylin and eosin; 112. (Bottom) One of the affected 
vessels in FIGURE 10, top. Hematoxylin and eosin; X350. 
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therefore readily differentiates the two lesions. Nevertheless, the resemblance 
still is sufficiently close to arouse the suspicion that similar mechanisms are 
involved in their pathogenesis. We have noted that with the heterologous 
fibrin implant the mechanism is probably immunological and, although with 
the rheumatoid nodule an immunological pathogenesis still is almost entirely 
speculative, the role of autoimmunological reactions in the pathogenesis of 
rheumatoid arthritis by no means can be excluded. The Rose-Waaler test 
appears to many to be an example of such an autoimmune reaction because of 
the appearance in the blood of a macroglobulin capable of reacting specifically 
with the patient’s own slightly altered gamma globulin. The presence of both 
these proteins within the substance of the nodule constitutes a noteworthy 
parallel to the heterologous fibrin implant in which, presumably, antigen and 
specific antibody also exist together. The strong correlation found in rheu- 
matoid arthritics between a positive Rose-Waaler test and the presence of 
rheumatoid nodules could be interpreted as supporting the hypothesis of an 
immunological pathogenesis for the nodule, but thus far there is no other evi- 
dence of any causal relationship between them. 
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Discussion 


Gustave J. DamMin (Peter Bent Brigham Hospital, Boston, Mass.): With 
the stains used in your sections, it appeared that, at the later time intervals, 
the center of the nodule did not stain as intensely. Has it been possible to 
quantitate an alteration in the heterologous fibrin at the center of the nodule? 


GLYNN: This may be possible when we apply fluorescent methods to the 
study of the nodule. 


BERNARD M. WAGNER (University of Washington, Seattle, Wash.) : The experi- 
mental production of fibrinoid by hypersensitivity mechanisms has shown that 
the material is largely fibrin. This is decidedly different from the studies of 
fibrinoid as noted in connective tissue diseases. A recent study in our labora- 
tory of a rheumatoid nodule from a child with agammaglobulinemia revealed 
the presence of fibrinoid largely composed of collagen fiber material, acid muco- 
polysaccharides, and protein. Gamma globulin and fibrin were not localized 
in this fibrin by immunofluorescent techniques. This again points up the 
difficulty in relating experimental connective tissue diseases to human material. 
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PARENCHYMAL FIBROGENESIS: THE LIVER* 


Hans Popper, Fenton Schaffner, Ferenc Hutterer, 
Fiorenzo Paronetto, Tibor Barka 
Department of Pathology, The Mount Sinai Hospital, New York, N.Y. 


Fibrosis in parenchymal organs is a reaction to injury which, particularly if 
progressive, interferes with the function of the parenchymal elements, as ex- 
emplified by chronic nephritis and hepatic cirrhosis. Fibrosis of the liver was 
investigated in this laboratory by fine structural and chemical techniques. 
This work was in continuation of studies of the distribution of connective tissue 
septa in relation to nodules, begun mainly by three-dimensional reconstruction 
in cooperation with Hans Elias.! 


Sites of Hepatic Fibrogenesis 


Fiber accumulation in the liver can result from aggregation of pre-existing 
connective tissue; for instance, following collapse after necrosis of the paren- 
chymal cells or from new formation of fibers. Both processes are readily dif- 
ferentiated in typical cases by silver impregnation of the reticulum fibers. 
Fiber formation in the liver takes place in three locations: around liver cell 
plates, around proliferating ductules, and in the portal tracts. Each type 
shows common and different characteristics.” 

Perthepatic cellular fibrogenesis. In the normal hepatic parenchyma a fine 
layer of amorphous periodic acid—Schiff (paS) positive material lines the liver 
cells and represents the sinusoidal wall, best seen in edema, when it is separated 
from the liver cell plates. The layer gives a histochemical reaction for acid and 
neutral mucopolysaccharides. In routine silver impregnations it appears to 
consist of membranes. However, if sections less than 1 yw thick are studied, 
individual, fairly widely spaced fibers are noted in this layer, usually represented 
as points because of cross-sectioning (FIGURE 1A). Under the electron micro- 
scope a continuous basement membrane similar to that seen around glandular 
structures is absent, and fine fibrils and bundles of fibrils with a periodicity of 
approximately 640 A are found in the tissue spaces, frequently between the 
microvillous projections of the liver cells (FIGURE 2). In the presence of un- 
complicated fatty metamorphosis or in regeneration of any kind, this connec- 
tive tissue framework within the parenchyma appears rarefied because the con- 
nective tissue fibers are much farther apart. In contrast, if liver cell damage 
is present, the intralobular connective tissue is increased. This is seen in fatty 


~ metamorphosis with liver cell injury in alcoholic persons, particularly if Mal- 


lory’s hyalin is present, and in prolonged viral hepatitis. 

Small areas of collapse after liver cell loss are readily recognized by an ir- 
regular network of reticulum fibers replacing the liver cells (rIcuRE 3A). In 
addition, around damaged liver cells a thickened cover of connective tissue is 
noted. For this, apparently, two processes are responsible.’ One represents a 
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duplication of the pre-existing framework, apparently after loss of entire liver 
cell plates and flattened aggregations of the framework supporting two neigh- 
boring plates (FIGURE 1C). This process is frequently associated with collagen 
staining in the duplicated fibers, suggesting new formation of fibers stimulated 


Ficure 1. Sections of human liver bio i 
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by collapse. This suggestion is supported by chemical analysis.t This flat 
microcollapse also is readily apparent in electron-microscopy studies, in which 
thickened bundles are found in areas where liver cells had been. The other 
process is the increase in number of single fibers around the damaged and some- 
times significantly swollen liver cells, so that in thin sections approximated 
fibers seem to merge, forming a continuous basement membrane (FIGURE 1B). 
The electron microscope reveals an increase of collagenous fibrils with char- 
acteristic periodicity (FIGURE 4) around such damaged liver cells. The fibers 
are arranged in thicker bundles up to 2 u in diameter. Stains with paS show 


Ficure 3. Liver biopsy specimen of viral hepatitis. Five u-thick section. Silver im- 
pregnation according to the method of Gomori. (A) Irregular network of reticulum fibers 


resulting from loss of single or few cells (arrow) in microcollapse. (B) I i 
tissue around proliferated bile ductules. 400. : 2) necatet cee 


a thickened layer bordering the liver cells in the presence of liver cell damage 
reflecting amorphous ground substances as well as fibers. 
Whereas the Kupffer’s cells normally have a distinctly paS-positive cyto- 
plasm (even after digestion with diastase) with few strongly positive granules 
in hepatocellular injury their increased cytoplasm appears crowded with paS- 
positive granules of various sizes. Cells of the cytological character of fibro- 
blasts are seen rarely, if at all, in the vicinity of thickened fiber bundles, raisin 
the question of the role of the Kupffer’s cells in this fibrogenesis. The Kupffer’s 
cells obviously are activated and mobilized. This and the histochemical sim- 
ilarity between their cytoplasmic granules and the thickened sinusoidal mem- 
brane, possibly ground substance, Suggest that some of the granules are pre- 
cursors of the matrix, as has been assumed for the fibroblasts elsewhere in 
connective tissue.® However, other histochemical reactions of the paS-positive 
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| Ficure 4. Electron photomicrograph of liver cell from a patient with chronic hepatitis, 
_ showing reduced numbers of mitochondria (M), small circular profiles of endoplasmic reticulum 
surrounding a nucleus (N) containing no nucleolus in the plane of section. The cell border 
__ with its microvilli (arrows) is covered by a thick layer of pericellular fibers (PF) in which is a 
mesenchymal cell whose nucleus (MC) is seen. R, reticulum. Osmium-fixed, methacrylate- 
embedded. 16,000. 
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Kupffer’s cell granules do not support such an assumption. Part of the pas- 
positive material is removed by prolonged lipid extraction. The Kupffer’s 
cells give a strong acid phosphatase reaction. They have this characteristic 
in common with some peribiliary granules in the liver cells, which increase in 
size and amount in the presence of liver cell damage and probably represent 
the lysosomes, the organelles containing hydrolytic enzymes.*® The increase 
of the paS-reaction of Kupffer’s cell granules in any type of hepatic injury is 
independent of fibrosis and occurs in the presence of tissue breakdown any- 
where in the body. It can be produced experimentally by injection of liver 
homogenates into the abdominal cavity. This indicates that these paS-posi- 
tive granules are related to phagocytic activity of the Kupffer’s cells, particu- 
larly since the paS and acid phosphatase reactions are histochemical features 
characteristic of reticuloendothelial cells in general. The sometimes very 
striking cytoplasmic basophilia of the Kupffer’s cells and other reticuloendo- 
thelial cells of the liver is probably related to the formation of proteins other 
than collagen. This is supported by the observation that in some cases of 
human hepatic injury gamma globulin may be demonstrated by the Coons 
fluorescent antibody technique in cells that are apparently transitional between 
reticuloendothelial and plasma cells.7_ Liver cells injury thus is accompanied 
by fibrosis as well as by phagocytic and protein-forming activities of the sur- 
rounding mesenchyma. The ability of the hepatic mesenchyma to form ground 
substance and fibers still requires histochemical proof. 

Periductular fibrosis. The normal bile ductule or cholangiole, the connection 
between liver cell plates and bile ducts in the portal tract, consists of cuboidal 
epithelial cells containing various amounts of fairly homogeneous cytoplasm 
and surrounded by a continuous silver-impregnated membrane even in thin 
sections. Under the electron microscope the ductular cells have fewer mito- 
chondria and less ergastoplasm than do the parenchymal cells, but they have 
microvilli projecting into the lumen of the ductule (FIGURE 5). A continuous 
structureless basement membrane, not found around liver cells, separates them 
from the surrounding tissue. Outside of the membrane some mesenchymal 
cells.and, occasionally, collagenous fibrils may be noted. 

In. many human liver diseases the ductules proliferate conspicuously and 
then frequently are surrounded by a thick layer of connective tissue (FIGURE 
3B). Especially in postnecrotic cirrhosis, a great part of the fiber formation 
takes place around proliferating ductules. This is even more pronounced in 
hepatic fibrosis of rat produced in 7 weeks by a diet containing 0.5 per cent 
ethionine. In such rats and also in animals with some other types of experi- 
mental hepatic injury, excessive proliferation of interstitial cells is an important 
feature. These cells have been designated by various names. One is “oval 
cells,’’® but retrograde injection of the biliary tree and observation of very thin 
sections clearly identify most of them as “ductular cells.’” Also, on closer in- 
spection, various mesenchymal cells, some obviously inflammatory and some- 
what similar to those seen in the human liver, are noted around ductules. The 
bile ductules also in ethionine-intoxicated rats appear, with silver impregnation, 
to be surrounded by many fibers. Under the electron microscope the pro- 
liferated ductular cells in various forms of human cirrhosis, including hemo- 
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chromatosis, or in ethionine intoxication or other experimental injuries reveal 
the same microvilli projecting into the lumen as well as a similar basement 
membrane. On the outside of it, increased amounts of collagenous fibrils 
(FIGURE 6) are noted, which appear to be deposited on this basement mem- 


c: 


: Bes lection oa i ith 4 ductular cell 
Ficure 5. Electron photomicrograph of normal rat liver ductule wit : 
sae ‘) visible and Apes (L) containing many microvilli. The arrows see ak 
thin basement membrane surrounding the ductule. Osmium-fixed, methacrylate-embedded. 
14,000. 


FicurE 6. Electron photomicrograph of ductule from a rat with experimentally induced 
mild liver cell damage and ductular proliferation showing the ductular lumen (L) containing 
numerous microvilli (V) surrounded by ductular cells containing mitochondria (M) and 


nuclei (N) in the plane of the section in two. The basement membrane (arrows) is covered 
by an envelope of periductular fiber bundles (PF). A mesenchymal cell (MC) is in a lymph 


or tissue space (LS) and has many fibers (F) on the side away from the ductule. Osmium- 
fixed, methacrylate-embedded, 14,000. 
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brane. A variable number and type of mesenchymal cells are seen nearby. 
In chronic processes such as human cirrhosis, fibroblasts may be conspicuous 
in the connective tissue septa separating the parenchyma. Although typical 
fibroblasts are not noted in acute stages of the experimental conditions, many 
of the surrounding mesenchymal cells contain paS-positive granules. In gen- 
eral, in both human and experimental material, the more active the fibrogenesis 
the more extensive the accumulation of mesenchymal cells around the ductules. 

Portal fibrogenesis. The third type of fibrogenesis, which takes place in the 
portal tracts, shows the well-established features of fiber formation in connec- 
tive tissue in general. Fibroblasts with or without paS-positive cytoplasm 
are noted in the more active conditions: for instance, in those associated with 
portal granulomas or prolonged bile stasis in which extracellular bile may act 
as stimulus. In more chronic types of portal fibrosis such as schistosomiasis, 
fibroblasts are in the background. An experimental illustration of portal fibro- 
plasia is provided by the injection into the hepatic parenchyma of 0.5 ml. of 
a 0.3 per cent solution of carrageenin, a sulfated polygalactose from a seaweed 
(Irish moss). The resultant lesion resembles the well-studied carrageenin 
lesion in subcutaneous connective tissue.1° Much paS-positive material, ap- 
parently ground substance, is laid down after an initial stage of necrosis. Fi- 
broblasts with paS-positive cytoplasm and ductules proliferate rapidly, and 
the reaction is accompanied by other mesenchymal cells with paS-positive 
granules. ‘This is associated with an excess of reticulum fibers, frequently in 
close approximation to the ductules." Typically, the hepatic carrageenin 
granuloma, which is characterized by the presence of many mesenchymal cells 
disappears within 2 weeks, the rapid fibrogenesis being followed by a rapid 
fibrolysis. This reproducible course of the carrageenin granuloma is influenced 
by the same hormonal and vitamin factors as is the connective tissue formation 
after carrageenin injection into the subcutaneous tissue. For example, in scor- 
butic animals excessive ground substance accumulation is associated with de- 
layed formation of fibers and local calcification.” Cortisone also has a specific 
altering effect. 

Fibrosis in the portal tract under the electron microscope exhibits fibrils of 
the periodicity and width of other connective tissue. It deserves emphasis 
that, in the electron-microscope studies on hepatic fibrosis carried out thus far, 
the thickness and periodicity of the collagenous fibrils were the same through- 
out under the limits imposed by examination in embedded tissue. New for- 
mation of fibers therefore was characterized by excessive reduplication of 
preexisting fibers and development of thick bundles and sheets composed of 
elementary fibrils. Moreover, no difference was noted between fibers stained 
with collagen and those impregnated with silver, such as reticulum. 


Chemical Aspects of Fibrogenesis 


Attempts to study the chemical nature of the fibrogenesis in the liver are 
handicapped by the presence of large amounts of protein that are not sclero- 
protein in any fraction of the organ. If the scleroprotein cannot be separated 
from the large mass of other proteins, chemical changes in the former can be 
recognized only with difficulty. The demonstration of hydroxyproline not 
found in other hepatic proteins is the sole guide. In various types of cirrhosis, 
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both human and experimental, the total amount of hydroxyproline per liver is 
greatly increased, reflecting new formation of collagen." When fat-free liver 
homogenates are treated with alkali (0.1 1 NaOH), a soluble fraction of he- 
patic collagen can be separated. This fraction may include a precollagen’® 
and may be the same as the fraction extractable in increased amounts from the 
connective tissue of animals exposed to the lathyrus factor (beta-aminopro- 
pionitrile).1® This fraction was found to be increased in fetal liver and equally 
so in cirrhotic liver, in which its total amount rises to 10 times the normal, 
suggesting that some of the newly formed collagen is of this alkali-soluble vari- 
ety” (TABLE 1). Ethionine-induced fibrosis is a useful model. In rats after 
6 weeks on a 0.5 per cent ethionine diet the hepatic concentration as well as 
the total content of hydroxyproline rapidly increases to 3 to 5 times the nor- 
mal, the increase being greater in the soluble fraction than in the insoluble one. 
This offers a reference for biochemical and histological correlation. The re- 
ticulum fiber increase is parallel with it. The same holds true for the ductular 


TABLE 1 
COLLAGEN DETERMINED FROM HyDROXYPROLINE CONTENT 
Total ./100 gm. Solubl 
No. cases hotel Beco, (% of total) 

Human 

Normal 13 2.90 10.5 

Infants 15 1.415 24.1 

Periportal fibrosis 7 3.30 

Subacute hepatitis 6 5.90 

Septal cirrhosis 17 10.20 22.6 
Rat 

Normal 12 0.60 19.4 

Subacute ethionine intoxication 9 1.95 31.4 


cell proliferation, which is so excessive as to raise the liver weight to twice the 
initial value within a short time (FIGURE 7). All this is preceded by accumu- 
lation of paS-positive material in the third week, as well as by a parallel in- 
crease of total hepatic hexosamines and, somewhat later, by a considerable rise 
of proline in the soluble fraction without change of the total hepatic proline 
concentration.’® This can be interpreted as accumulation of amino acid for 
transformation to hydroxyproline. During the same period changes in the 
activity of various enzymes occur, particularly a sharp drop in proline and, 
less conspicuously, in glutamic pyruvate transaminase oxidase.9 However, 
further investigations are required to establish whether the fibrogenesis or the 
simultaneous alteration of the various hepatic cells is the important factor 


before any intriguing speculations as to the biochemical processes may be 
entertained. 


Role of Cells in Fibrogenesis 


Finally, the contribution of cells in the process of hepatic fibrogenesis de- 
serves attention even if most of it remains in the realm of speculation. The 
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available information on fibrogenesis in general indicates>.° that fibroblasts 
probably produce the matrix and contribute at least the monomeric precursor 
of collagen, while the evidence that the collagenous fibril is fully developed 
within the cytoplasm of cells is not complete; it is assumed rather that this 
formation takes place on the cell surface2® Electron photomicrographs have 
been published showing collagenous fibrils with typical periodicity within 
mesenchymal cells of the normal??.4 and the cirrhotic liver2® In our investi- 
gations fibrils have not been found within the cytoplasm of any cell, not even 
in rapid fibrogenesis induced by carrageenin. However, the liver probably is 
not the most favorable site for deciding whether collagenous fibrils are formed 
within or outside of cells, and the question of whether the published pictures 
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Ficure 7. Concentration of hydroxyproline and total hexosamines and liver weight in 
rats on a synthetic diet containing 0.5 per cent ethionine, some rats after the seventh week 
receiving a synthetic diet containing 1.0 per cent methionine. 


might represent artifacts is not discussed. In portal fibrogenesis, which is not 
the characteristic feature of the common liver diseases, fibroblasts seem to 
play much the same role as does any other part of connective tissue. On the 
other hand, in human and experimental perihepatocellular and periductular 
fibrogenesis typical fibroblasts are found only occasionally, whereas activation 
of mesenchymal cells of various types not necessarily fibroblastic in appearance 
is common. 

For a better understanding of the relations, cell counts were made during ac- 
tive fibrogenesis, chiefly periductular fibrosis induced by ethionine. The counts 
were supplemented by determination of total hepatic content of hydroxyproline 
as well as of desoxyribonucleic acid (DNA), the latter as a measure of the total 
number of cells. In addition, when conspicuous fibrosis had developed after 7 
weeks of a 0.5 per cent ethionine diet, rats were subjected either to a high-methio- 
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nine diet without ethionine or to cortisone administration. Both these pro- 
cedures within 2 weeks resulted in rapid disappearance of the interstitial cell re- 
action consisting in proliferated ductular cells intermixed with mesenchymal 
cells and most of the excess reticulum fibers (FIGURE 8). During the active 
fibrogenesis, when the liver weight doubles, the total amount of liver cells 
hardly changes. However, mesenchymal cells including, for reasons of poor 
histological differentiation, Kupffer’s cells, other reticuloendothelial cells, and 
inflammatory cells (portal tract tissue was not counted nor included in this 
consideration), increase to approximately 3 times the normal while ductular 
cells increase to about 80 times. During the same period hydroxyproline in- 
creases in parallel with DNA. After the recovery procedures, the liver weight 
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FicurE 8. Relation of cell types expressed as total number of cells to ch i 
r ; ange in total 
content of hydroxyproline and DNA in rats on a synthetic diet containing 0.5 per nae ethio- 
nine and subsequently on a synthetic diet containing 1.0 per cent methionine. 


decreases to normal, the ductular cells are reduced to only 3 times the normal 
DNA and mesenchymal cells return to normal, while the total hydroxyproline 
content remains somewhat higher than normal. These observations indicate 
that the increase in hydroxyproline as a reflection of fiber formation parallels 
an increase in the total number of cells. This might suggest that proliferation 


of either the ductular cells or the mesenchymal cells is related to the fiber for- 
mation. 


Concluding Remarks 


If at this time speculations are permitted that may serve as a working hy- 
pothesis, one might assume that the ductular cell proliferation reflects biliary 
excretion of a growth-promoting and, possibly also, irritating factor, particularly 
since in pilot experiments it is accompanied by a striking increase in the volume 
of a diluted bile. Possibly the excretion of the irritating material stimulates a 
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periductular inflammatory reaction typically seen in most human and experi- 
mental conditions with actively proliferating ductules. This in turn might 
stimulate fiber formation by the mesenchymal cells, the ductule acting as a 
nidus of collagen accumulation or, to use another term, a scaffold. However, in 
contrast to the carrageenin lesion in which abundant fibroblasts are seen during 
periductular fibrogenesis, ductules rather than the mesenchymal cells serve as a 
physical or directive force and might represent the limiting factor for the colla- 
gen formation. This means either increased activity of the few mesenchymal 
cells or reduced catabolism of the collagen fibrils in periductular fibrosis. With 
great caution, the supposition could be entertained that mesenchymal cells not 
only form collagen fibrils but also contribute to their disappearance, as sug- 
gested by the rapid dissolution of the carrageenin granuloma in the presence of 
many mesenchymal cells acting as “‘fibroclasts,” to use an analogy from oste- 
ology. Whether the cells with the paS-positive granules, containing acid phos- 
phatase and other hydrolytic enzymes, play this role is a question for further 
investigations. If so, possibly this fibrolytic activity is reduced in the presence 
of the ductular cells and thus becomes more efficient when the stimulus for duc- 
tular cell proliferation disappears as a result of recovery. Within two weeks 
the amount of fibers that are catabolized is four times that present in normal 
liver. Ductular cells as well as damaged liver cells thus might act as a scaffold 
for fiber formation. 

Whatever the fate of these hypotheses, morphologic observation indicates 
that fiber formation in the abnormal liver takes place in three locations. In 
the commonest types of cirrhosis and chronic hepatitis the periductular and 
perihepatocellular fibrogenesis seem to be the more important, although the 
portal form may play some role, particularly in the production of portal hyper- 
tension. Both periductular and perihepatocellular fibroses are related to liver 
cell injury, which in turn seems to stimulate the mesenchymal reaction. For 
the present, the conclusion appears justified that avoidance and reversal of the 
parenchymal damage are the most promising methods of arresting and, possibly, 
reversing parenchymal fibrogenesis of the liver. 
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CONNECTIVE TISSUE DISEASES AND CERTAIN SERUM PROTEIN 
COMPONENTS IN PATIENTS WITH AGAMMAGLOBULINEMIA* 


Robert A. Bridges and Robert A. Good 


Department of Laboratory Medicine and the Pediatric Research Laboratories of the 
Variety Club Heart Hospital, University of Minnesota, Minneapolis, Minn. 


The clinical and laboratory evaluation of patients with agammaglobuli- 
nemia has provided immunological theory with information of fundamental 
significance. The most striking abnormality found is the inability of these 
patients to form circulating antibody! Both electrophoretic and immuno- 
logical tests show a virtual absence of gamma globulin.!? Immunoelectro- 
phoretic analysis has shown that two additional serum globulins are either 
absent or greatly diminished in these patients.*® Both of these globulins are 
probably antibody globulins. This defect in antibody synthesis is expressed 
morphologically by the almost complete absence of plasma cells in the vari- 
ous hematopoietic tissues. After antigenic stimulation there is failure to 
form plasma cells or secondary nodules. The regular absence of secondary 
nodules is of interest in light of the recent demonstrations’!° of gamma 
globulin in the immature cells of the centers of such nodules. The defect 
in the hematopoietic tissues of the agammaglobulinemic patients appears to 
be of a somewhat primitive nature, however, since there is also among them 
a high incidence of such diseases as agranulocytosis? and alymphocytosis.! 
A number of instances of associative thymoma,” aregenerative anemia, and 
granulomatous proliferation of the hematopoietic tissues! (R. A. Good and 
M. Karlin, unpublished observations) have been described. All these ob- 
servations point to some defect of a more fundamental character than the 
simple inability to produce circulating antibody. 

The basic genetic defect is expressed also in the high incidence of certain 
diseases of the connective tissues. Diseases such as tenosynovitis,’> derma- 
tomyositis!® (also Hanson, personal communication), scleroderma,'* rheumatoid 
arthritis, and diffuse fibrinoid vascular disease!’ have been observed with 
inordinate frequency in patients with agammaglobulinemia. A number of 
these different connective tissue diseases have been observed by Janeway 
et ai.!® in their agammaglobulinemic patients. 

We have had the opportunity to study a total of 27 patients with agamma- 
globulinemia and, of these, 9 have had some form of connective tissue disease. 
With the exception of 1 patient, a child, this took the form of rheumatoid 
arthritis (TABLE 1). The child died of a diffuse vascular disease that termi- 
nated in acute renal failure. Early in the clinical course he was thought to 
have juvenile rheumatoid arthritis. He died prior to the identification of 
agammaglobulinemia in a younger sibling. A detailed review of the patho- 
logical material allowed the diagnosis of agammaglobulinemia. The fibrinoid 
lesions were thought to be most consistent with a diagnosis of diffuse fibrinoid 
vasculitis with thrombotic thrombocytopenic purpura (FIGURE 1). 

* The investigation reported in this paper was supported in part by Research Grants and 


grants from the Minnesota Chapter of the Arthritis and Rheumatism Foundation, the Minne- 
sota Heart Association and the American Heart Association, New York, N. Y. 


1089 


1090 Annals New York Academy of Sciences 


All of the 8 other patients have had various classic manifestations of theu- 
matoid arthritis. They are grouped in TABLE 1 according to the diagnostic 
criteria of the American Rheumatism Association; the various manifestations 
are listed in TABLE 2. With one possible exception, morning stiffness was pres- 
ent in all of these patients. The possible exception (J.Sc.) had had a 4-week 
episode of arthritis at the age of 3. For this age such a history is of question- 
able validity. Multiple joints were involved in all of these patients, and, 
with one exception, symmetrical joint involvement was present. Probably 
of greater significance is the development of nodules in 3 of the 8 patients. 
In 2 patients these occurred over the extensor surface of the forearm. Two 
patients had multiple nodules, and one had multiple nodules involving the 
flexor tendons of the hand (F1GuRE 2). At least 1 nodule was obtained at 
biopsy from each of these patients, and all nodules had the characteristic 
morphologic structure of the rheumatoid nodule (r1cuRE 2). None of these 
patients has given positive test results for the rheumatoid factors when exam- 
ined by a battery of techniques that has included agglutination reactions with 


TABLE 1 
AGAMMAGLOBULINEMIA AND CONNECTIVE TissuE DISEASE 


Total number of patients with agammaglobulinemia 27 
Number with rheumatoid arthritis 
Classic 4 
Definite 1 
Probable 2 
Possible 1 
Number with other connective tissue disease 1 
Total with connective tissue disease 9 


both homologous and heterologous gamma globulin, FII precipitin tests, and 
euglobulin inhibition techniques. In the 2 patients who have had synovial 
biopsies, microscopic examination has revealed the proliferative and degenera- 
tive changes typical of rheumatoid arthritis. The exception in the character- 
istic histological changes has been the regular absence of plasma cells, although 
the other elements common to inflammatory reactions have been present. 

-rays taken up to now have shown changes limited to demineralization about 
the involved joints in 3 of the 8 patients and to narrowing of the joint space in 
ze. 

From the data presented, it seems clear that these patients suffer from a 
disease that is indistinguishable from rheumatoid arthritis. If this can be 
accepted as such, the implications are quite clear. The data of Holman and 
Kunkel (personal communication), showing the occurrence of frank rheumatoid 
arthritis, rheumatoid factor, both hypo- and hypergammaglobulinemia, and 
various other laboratory abnormalities in the families of patients with lupus 
erythematosus offer further evidence of a more fundamental defect than a sim- 
ple derangement in antibody synthesis. 

Recently we have encountered another facet of th 
importance to an understanding of the basic defect 
This has been the regular occurrence of certain be 


is disease that may be of 
present in these patients. 
taz and gamma globulins 
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that are not demonstrable in normal individuals. These globulins have been 
discovered by the microimmunoelectrophoretic method of Scheidegger. The 
method as used in our laboratory has been altered only in minor detail. The 
nomenclature for the various bands follows that of Scheidegger,!* and the des- 


2 


| a 1. Section of kidney from patient with congenital agammaglobulinemia and fatal 
diffuse fibrinoid vasculitis. Hematoxylin and eosin. 
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Ficure 2. (a) Rheumatoid nodule at the elbow of a woman with acquired agammaglobu- 
linemia. (6) Section from nodule shown in a. Hematoxylin and eosin. (c) Rheumatoid 
nodule on extensor surface of forearm in patient with congenital agammaglobulinemia. (d) 
Section from nodule shown in (c). Hematoxylin and eosin. 
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ignations for the bands reported here are intended to follow his scheme (Fic- 
a 3). . . . . . 

As shown in TABLE 3, three serum proteins not found in normal individuals 
are usually demonstrable in agammaglobulinemic patients. Of these the 
betazx was found in all. This protein was seen in diseases other than agam- 
maglobulinemia only in rare instances, although from a study of patients with 


_ PATIENT 


ConTRot. 


Ficure 3. (a) Immunoelectrophoretic pattern showing gammaya and betaox in the serum 
from patient with congenital agammaglobulinemia. Further bands are identified in the con- 
trol specimen on the opposite side. (6) Pattern of serum from patient with acquired agamma- 
globulinemia, showing heavy arc of betaox precipitate. Control specimen on opposite side. 


Hodgkin’s disease (R. A. Bridges and R. A. Good, unpublished observations), 
it appears to have a similar high incidence. The betasp (FIGURE 3) is another 
protein frequently evident in the serum from agammaglobulinemic patients 
that is only rarely found in patients with other diseases and never in healthy 
persons. This protein has been seen in 6 of 8 patients with congenital agam- 
maglobulinemia and in 4 of 5 patients, with. acquired agammaglobulinemia. 
Our studies commonly have revealed a third protein component that we have 
designated gammaj,. This component has been encountered in approxi- 
mately 50 per cent of patients with other diseases and thus appears to differ 
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in functional significance from the betaox and the betas; . What is probably 
the sume protein as gammai, has been tentatively called gammax by Here- 
mans. 

In two patients further bizarre anomalies have been demonstrated by im- 
munoelectrophoresis (FIGURE 3). Both patients have had multiple beta, and 
gamma globulin bands that appear distinctly different from any proteins pre- 


4 
PATIENT 


Ficure 3. (c) Pattern of serum from patient with acquired agammaglobulinemia, show- 
ing betasp and heavy arc of betazx. Control specimen on opposite side. (d) Pattern of 
serum from patient with congenital agammaglobulinemia, showing multiple anomalous beta 
and gamma globulin bands. Control specimen on opposite side. 


viously reported, except those of patients with multiple myeloma in whom 
such multiple bands are seen regularly”? (R. A. Bridges and E. Freier, unpub- 
lished observations). 

At least two of the protein components demonstrable in the betay and 
gamma, globulin area of sera from patients with agammaglobulinemia may be 
related in some way to antibody synthesis. Since they have been demon- 
strated at this time by the use of antisera produced against either whole nor- 
mal human serum or fractions of normal human serum, it seems probable that 
they are normal serum constituents that rise to demonstrable levels only under 
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very unusual circumstances, possibly appearing in the serum only when some 
derangement in antibody synthesis exists. SUM 

The various facets of the disease, agammaglobulinemia, emphasized here all 
point to a defect of fundamental importance. T he extreme deficiency of 
gamma globulin so characteristic of these patients is only one of the numerous 
manifestations of the disease. A number of other diseases of the hematopoietic 
tissues have been reported as showing this deficiency of gamma globulin. It 
seems reasonable that with the elucidation of the pathogenetic mechanisms of 
these several diseases will come a fundamental explanation of the genetic defect 
in agammaglobulinemia. 


TABLE 3 


OccURRENCE OF CERTAIN BETA: AND GAMMA; GLOBULINS IN PATIENTS 
WITH AGAMMAGLOBULINEMIA 


: Immunochemical 
Patient Betas Betask Gammajia gamma globulin 
(year, color, sex) (mg. %) 
Congenital 
ES, 12, WM + + + 3.0 
J.Si., 3, WM + + 0 10 
T.A., 4, WM 0 + 0 14 
W.A., 10, WM + + 0 19 
J.Sch., 3, WM + + an 9 
J.Sc., 6, WM 0 + 0 2.5 
.R., 6, WM + + ae 15 
S.E., 13, WM + + = 8 
Acquired 
L.L., 36, WF + + + 6 
E.K., 44, WF 0 + - 42 
B.A., 75, WF > + 0 74 
F.H., 58, WM + i + 81 
L.Z., 57, WF 0 + 3 33 
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Discussion 


GusTAVE J. Dammin (Peter Bent Brigham Hospital, Boston, Mass.): Some 


years ago your group reported prolonged persistence of skin grafts in patients 
with congenital agammaglobulinemia, irrespective of blood group and sex dif- 
ferences between donor and recipient. What has been the later course of these 
skin grafts? 


BripcEs: The skin grafts are still intact. 


HEREDITY AND DISEASES OF CONNECTIVE TISSUE* 


Victor A. McKusick 
Johns Hopkins University School of Medicine, Baltimore, Md. 


As in the case of other systems, analysis of genetic factors in diseases of the 
connective tissue system tends to divide these disorders logically into two 
parts: (1) less common disorders due primarily to a single mutant gene, for 
example, the Marfan syndrome; and (2) the relatively common disorders in 
which genetic factors may be significantly contributory in the etiology or 
pathogenesis, for example, rheumatoid arthritis. 


Five Generalized and Heritable Disorers of Connective Tissue 


Marfan syndrome. This syndrome (FIGURE 1) is manifested by changes in 
the eye, especially ectopia lentis (subluxation of the lens); in the skeleton, 
especially excessive length of the round bones of the extremities; and in the 
cardiovascular system, especially a weakness of the aortic media leading to 
diffuse aneurysm, dissecting aneurysm, or a combination of the two. Loose- 
jointedness and hernia are often conspicuous. 

The pedigree data are consistent with transmission of the Marfan trait as 
an autosomal dominant. 

Cases with only skeletal features to indicate the Marfan syndrome cannot 
be diagnosed with certainty if there is not even the slightest abnormality of 
the suspensory ligament of the lens and if there are no more definite cases in 
the family. In an attempt to quantify the dolichostenomelia we have ob- 
tained normal standards for upper segment—lower segment ratio (US:LS), the 
segments being measured above and below the top of the pubic symphysis 
(FIGURE 2A to C). The old data of Engelbach,! which is very extensive but 
was collected between 30 and 70 years ago, is not now applicable. Inter- 
estingly, Negroes examined, both male and female, have lower US:LS ratios 
at all ages. When cases of the Marfan syndrome are compared with these 
normal standards, it is found that their ratios fall on the low side of normal. 
However, because of the overlap with the normal, the US:LS is scarcely a 
pathognomonic test. 

What is the nature of the gene-determined defect in connective tissue in the 
Marfan syndrome? The dramatic gross and histological changes in the as- 
cending aorta, behaving like a wearing-out process, might suggest that the 
defect is intimately concerned with the elastic fiber. How does a connective 
tissue defect lead to excessive longitudinal growth of bones? There is the 
impression that longitudinal growth is unreined. One is reminded of the old 
experiments of Ollier indicating that normally the periosteum, by its connec- 
tions to the epiphyses, is dragged along the surface of the elongating diaphy- 
sis and seems to exercise some control over longitudinal growth. Although a 
defect of the connective tissue of periosteum may be involved in the dolicho- 

* A more Sei ag eae discussion of these problems, together with a review of the litera- 
ture, 1s presented in the following two publications: McKusick, V. A. 1960, Heritable Dis- 


orders of Connective Tissue. 2nd ed. Mosby. St. Louis, Mo.; McKusick, V. A. 1959. Ge- 
netic factors in diseases of connective tissue. Am. J. Med. 26: 283. 
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FicurE 1. The Marfan syndrome. The older brother (right) has no ocular or cardio- 
vascular anomaly although the skeletal features, especially pectus excavatum, are pronounced. 
Tn him the diagnosis of the Marfan syndrome could not have been made with confidence but 
for the facts that his younger brother (left) does have ectopia lentis and even more marked 
skeletal features and that his father died at 36 years of aortic regurgitation. 
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Ficure 2A. Upper segment:lower segment ratio. Data collected in “normal” Baltimore 
school children demonstrate (1) that the old data of Engelbach are no longer applicable, and 
(2) that Negroes of both sexes and all ages studied have a lower mean US:LS than do whites. 
Analysis reveals that the lower mean US:LS of the Negro is due in part to a shorter upper 
segment and in part to a longer lower segment. 
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stenomelia, the unfortunate situation is that there is no precise information 
about the defect in the ligaments, fascia, tendons, aortic media, and lens 
ligament, resulting in the several features of the Marfan syndrome. 

James T. Leeming and I have followed up the suggestion of Bacchus that 
the Winzler serum mucoproteins are abnormally low in the Marfan syndrome. 
In 40 indubitable cases of the Marfan syndrome distributed through a total 
of 24 families, as well as in 14 doubtful cases, no significant difference could 
be demonstrated from non-Marfan controls matched for age, sex, and race 
(TABLE 1). 

Ehlers-Danlos syndrome. In full-blown form this syndrome (E-D) is mani- 
fested by changes in the joints, particularly hypermobility; in the skin, by 
unusual stretchability (ordinarily without loss of elasticity), fragility, bruisa- 
bility, and peculiar scarring; internally, by diverticula of the gastrointestinal 
tract, hiatus hernia, and eventration of the diaphragm. Involvement of the 
heart and aorta is becoming recognized. In its milder form the disease is 


TABLE 1 
SERUM MUCOPROTEINS IN THE MARFAN SYNDROME AND IN MATCHED CONTROLS 
Determined by Modification of Turbidimetric Method of de la Huerga et al.? 


White Colored 
Male Female Male Female 

Control | Marfan | Control | Marfan | Control | Marfan | Control | Marfan 

Number of persons 28 17 14 9 29 9 17 5 

Mean mucoprotein 

level (mg. %) 155.67 |167.02 |146.01 |179.10 |142.56 |170.66 |132.95 |141.84 
aot DY 29.32 | 24.70 | 26.78 | 59.22 | 29.24 | 44.77 | 19.54 | 32.40 
S. E. (mean) 5.54 5.99 7.16 | 19.74 5.43 | 14.92 4.74 | 14.49 


difficult to diagnose with assurance. Hypermobility of joints and stretchabil- 
ity of skin are graded characteristics. 

It is unclear what relation to E-D is borne by the occasional case of simple 
joint hypermobility without fragility of the skin, easy bruisability, and “ciga- 
rette-paper” scars, probably without internal involvement (FIGURE 3). 

Pedigree information is consistent with transmission of E-D as an auto- 
somal dominant. 

The theory of Jansen,’ that the defect in E-D involves the weaving of colla- 
gen bundles into a normal wickerwork, requires further corroboration. Soon 
after pancreatic elastase was discovered, an inhibitor in normal serum was 
also described. The report of an increase in serum elastase inhibitor in two 
cases of E-D is worthy of further study. 

Osteogenesis imperfecta. This disorder (OI) is not simply a disease of bone, 
although brittle and soft bones usually are the most impressive and important 
features. Not only is the organic matrix of bone defective but also the colla- 
gen of sclera, leading to thin “blue sclerotics’’; of skin that is thin and produces 
broad surgical scars; of fascia leading to hernia; and of ligaments, tendons, 


FicurE 3A. Simple joint hyperextensibility. This 28-year-old woman displays hyper- 
extensibility of the knees and elbows and loose-jointedness at other sites, but no unusual 
stretchability, bruisability, fragility, or scarring of the skin. The mother, at least one sibling, 
and one offspring are similarly affected. 


le pee 
Ficure 3B. Simple joint hyperextensibility. See legend ricurE 3A. 
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and joint capsules leading to loose-jointedness. The deafness, usually referred 
to as “otosclerosis,” appears to result from the same connective tissue defect 
in the bones and soft tissues in and around the middle and inner ear. 

The defect in OI rather clearly involves collagen. It is to be hoped that 
studies of the physical and chemical nature of collagen in this and other herit- 
able disorders of connective tissue will be undertaken by those competent to 
do so: it is possible that the collagen in OI is anomalous in its amino acid se- 
quence with an amino acid substitution as specific as those pinpointed! in 
several of the variant hemoglobins. 

Classically, OI is transmitted as an autosomal dominant. It seems likely 
that the cases of profound involvement already present at birth in the offspring 
of normal parents, so-called congenital OI, are new dominant mutations at 
the same genetic locus, but the existence of a recessive form of the disease is 
possible. In fact, there is no proof that several distinct entities are not in- 
volved in the condition we label OI. 

-Pseudoxanthoma elasticum. By nature this disorder (PXE) is an abiotro- 
phy. Although the fundamental defect of connective tissue is undoubtedly 
present from the beginning, the deterioration that makes its presence clinically 
evident does not occur until a few years or even a few decades after birth. 
The skin of the flexoral areas—neck, axilla, groin, and the like—becomes lax, 
grooved, ridged, and slightly nodular. Crazing of Bruch’s membrane behind 
the retina, expresses itself as angioid streaking detected by funduscopy. The 
media of arteries of intermediate and smaller size also undergo degeneration, 
showing premature calcification, peripheral arterial insufficiency, angina pec- 
toris, hypertension and, especially, a proneness to gastrointestinal hemorrhage. 

Pedigree evidence is consistent with the transmission of PXE as an auto- 
somal recessive. 

Histological studies of skin, endocardium, and small blood vessels show 
fragmentation of connective tissue fibers with resulting granular and irregularly 
shaped bits that tend to stain with “elastic stains” and have a pronounced 
affinity for the calcium ion. Whether the degenerate connective tissue fibers 
are derived from collagen or from elastic fibers is unsettled, in my opinion, 
there being evidence for each view. 

_ Hurler syndrome. It has been demonstrated in recent years that in this 
syndrome (gargoylism) large amounts of two mucopolysaccharides, chondroitin 
sulfate B and heparitin sulfate, are excreted in the urine and accumulate in 
certain tissues such as the liver, spleen, meninges, and vascular intima. Char- 
acteristic skeletal deformity, stiff joints, hepatosplenomegaly, cloudy cornea, 
angina pectoris, and valvular heart disease are the clinical manifestations. 
Impairment of intellect is partially due to hydrocephalus from involvement of 
the meninges, but other mechanisms not now understood must be involved. 

There are two genetic forms of the disease. The more frequent, inherited 
as an autosomal recessive, is also clinically more severe. In the rarer sex- 
linked recessive form, clouding of the cornea probably never occurs and the 
victim may survive to his forties. Interestingly, the pattern of mucopoly- 
saccharide excretion in the urine is not different in the two genetic varieties. 
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For this reason and since two mucopolysaccharides are involved, the basic 
defect must be located several steps proximal to chondroitin sulfate B and 
heparitin sulfate, at least proximal to a fork in the metabolic road leading to 
these two mucopolysaccharides. A. Dorfman (personal communication) re- 
cently made the interesting suggestion that the protein binding of these muco- 
polysaccharides may be defective. 

A number of other conditions, single gene defects of connective tissue, will 
not be cited for lack of space. Obviously, much remains to be learned about 
the nature of the basic defect in each of the heritable disorders of connective 
tissue. There is also still room for further clinical analysis, especially in sort- 
ing out the confusing chondrodystrophies: those to which the Morquio eponym 
is attached and others. One cannot but think that much of basic interest will 
be learned about connective tissue in the process of investigating the basic 
defects. 


The Common Diseases of the Connective Tissue System 


A familial aggregation that may have a genetic basis has been demonstrated 
in rheumatoid arthritis, in ankylosing spondylitis, and in rheumatic fever. 
Indeed, a simple Mendelian hypothesis to explain transmission of susceptibility 
has been advanced in the case of each. Most genetic studies of systemic lupus 
erythematosus reported thus far have concerned isolated families. Whether 
there is a significant familial aggregation in this disease must be considered 
still an open question. 

In diseases such as these, in which environmental factors and genetic factors 
probably collaborate, genetic analysis is difficult. I can see no hope of signifi- 
cant progress in this analysis until more is known about the basic mechanisms. 
As each new biochemical, serologic, or other peculiarity of these diseases is 
uncovered, its distribution in families and in monozygotic versus dizygotic 
twins should be determined. Lawrence and Ball® in Manchester and Ziff and 
his colleagues® in the United States, for example, have made revealing family 
studies of rheumatoid arthritis based on tests for the rheumatoid factor. 

Family studies can reveal a pathogenetic relationship between two diseases 
when an impressive frequency of one disease is found in families studied because 
of a proband with a second disease. One example of this use of family studies 
is the demonstration of an increased frequency of spina bifida among the sibs 
of anencephalic stillbirths, suggesting a pathogenetic relationship between the 
two malformations. Kunkel and his colleagues may be demonstrating a funda- 
mental relationship between rheumatoid arthritis and systemic lupus when, as 
they recently reported in a preliminary paper,’ they find among relatives of 
systemic lupus probands an impressive incidence of clinical rheumatoid arthri- 
tis and of seropositivity in tests for rheumatoid factor. 

The genetics of osteoarthritis also are not investigated easily. Occasionally 
a familial predisposition to precocious osteoarthritis can be shown to have its 
basis in hereditary epiphyseal dysplasia or in other clearly genetic disorders 


(FIGURE 4). This, however, is secondary osteoarthritis and represents a 
minority of cases. 
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Ficure 4C and D. Multiple epiphyseal dysplasia in father and son with secondary osteo- 


arthritis in the father. Hands and pelvis in H.W.C., Sr., aged 40 years. See FIGURE 4A 
and B, 
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Two “Honorary” Diseases of Connective Tissue 


There are at least two inborn errors of metabolism that are, one might say 
honorary diseases of connective tissue: alkaptonuria and gout. 

One of the more interesting recent demonstrations concerning the genetics of 
alkaptonuria is that of my colleague Milch’ who showed that the seemingly 
dominant form of the disease is probably the usual recessive form appearing in 
successive generations through the mating of homozygous affected persons with 
heterozygous carriers. Consanguineous matings increase the likelihood of 
this occurrence. 


SKEWED UNIMODAL DISTRIBUTION CURVE FROM A DOUBLE POPULATION 


RATING 


Ficure 5. Skewed unimodal distribution curve from a double population. As Gaddum 
has pointed out, many biological variables (for example, systolic or diastolic blood pressure 
fasting blood glucose, and serum uric acid) display a positively skewed unimodal frequency 
distribution. The question is: Are there, in fact, two populations making up said distribu- 
tion? Reproduced by courtesy of E. A. Murphy. 


In gout the most interesting genetic question is whether a single mutant 
gene is responsible or whether hyperuricemia (and therefore gout) is a polygenic 
character. The frequency distribution of serum uric acid is “continuous,” 
that is, unimodal. The suspicion is that a serum uric acid level is the net 
result not only of environmental factors, notably the amount of protein con- 
sumed, but also of multiple genetic factors; that serum uric acid in its genetics 
falls into the same pattern as stature, intelligence, ocular refraction, and many 
other characteristics. The overproduction theory of primary hyperuricemia 
seems well established. The polygenic basis of hyperuricemia is attractive 
because there is more than one step in the synthesis of uric acid, each presum- 
ably under separate enzymatic (and genetic) control. However, plausibility 
is not proof. There may still be a single major gene responsible for hyper- 
uricemia, and the expected bimodality may be blurred (FricuRE 5) by the 
dietary factors and by the age effect. The secondary mode would not be 
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expected to be large, considering the low frequency of gout, and would be 
concealed rather easily. In fact, Smyth ef al.!° appear to have demonstrated 
bimodality for level of serum uric acid in the first-degree relatives of gouty 
probands. Such relatives are an informative group for examination of the 
question of bimodality since, according to the theory of autosomal dominance, 
one half may be expected to have the gene determining hyperuricemia. 

The question of polygenic inheritance versus monogenic inheritance is of 
more than academic interest. The whole outlook on diseases such as hyper- 
tension, hypercholesteremia, and hyperuricemia is different when there is 
evidence of a major unifactorial genetic basis: one may infer a unitary bio- 
chemical defect that may be sought and, if found, may be the basis of pre- 
clinical diagnosis, definitive therapy, and prophylaxis. 

Chlorothiazide and its congeners cause a rise in serum uric acid through a 
renal mechanism. I have great hopes that the use of chlorothiazide in family 
studies of gout will improve the phenotypic classifications. Presumably, when 
a dam is thrown up at the renal level, serum uric acid will rise higher in those 
persons with the genotype for overproduction of uric acid. On the hypothesis 
of a single dominant gene, the first-degree relatives of a gouty proband—sibs, 
for example—may be expected to fall into two groups, those with and those 
without the gene, those with the gene showing an exaggerated rise of serum 
uric acid when chlorothiazide is given. More data are needed before we can 
say whether the facts bear out the theory. Other possible methods for im- 
proved phenotype classification are: (1) the administration of a uric acid pre- 
cursor such as ribonucleic acid, or (2) the measurement of some other blood 
constituent as, for example, oxalate." 
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EVALUATION OF PITUITARY-ADRENOCORTICAL FUNCTION 
IN PATIENTS WITH RHEUMATOID ARTHRITIS 
FOLLOWING STEROID THERAPY* 


J. William Meakin,} Maria S. Tantongco,t Jean Crabbé, 
Theodore B. Bayles, Don H. Nelson 


Departments of Medicine, Harvard Medical School, Peter Bent Brigham H os pital, 
Boston, Mass., and Robert Breck Brigham Hospital, Roxbury, Mass. 


One of the complications of corticosteroid therapy in patients suffering from 
rheumatoid arthritis is the poor tolerance of surgery occasionally shown by 
these patients while on, or after cessation of, a course of corticosteroids. In 
1952, Fraser ef al.' reported a case of death due to intractable vascular collapse 
following hip arthroplasty in a patient who had received cortisone up to two 
days before the operation. In one analogous case of Salassa et al. five months 
had elapsed between the termination of systemic steroid treatment and surgery. 
This observation suggested that the unresponsiveness of the pituitary-adreno- 
cortical system to ‘‘stress”’ may persist for a long period after discontinuation 
of corticosteroids, which was strengthened by the pathological reports of Ben- 
nett. Repeated injections of adrenocorticotropin have been proposed as a 
means of obviating this inadequacy in adrenocortical secretion. Ingle* had 
indeed demonstrated that the adrenocortical atrophy occurring during gluco- 
corticoid administration is the result of the inhibition of adrenocorticotropin 
secretion by the adenohypophysis; this has been amply confirmed.®:* The 
adrenocortical responsiveness to adrenocorticotropin was actually found to be 
subnormal, sometimes for weeks, after corticosteroid therapy.” On the other 
hand, the concomitant use of adrenocorticotropin and corticosteroids is claimed 
to leave the adrenal cortex normally responsive to adrenocorticotropin once 
therapy is ended.?2 However, in one of the cases reported by Salassa et al.? 
this association had been used! 

The restoration of a normal adrenocortical responsiveness to adrenocortico- 
tropin obviously does not solve the problem. A proper assessment must be 
made of the extent to which corticosteroid therapy alters the ability of the 
adenohypophysis to react by an increased adrenocorticotropin release and 
secretion to stimuli such as “stress” situations or as decreased blood corticos- 
teroid concentrations. Both types of stimuli, to be effective, require the 
integrity of hypothalamic structures besides a normally functioning adeno- 
hypophysis.? 4 ; 

Patients treated with corticosteroids have been studied by use of standardized 
“stress” situations, such as insulin-induced hypoglycemia and pyrogen-induced 
fever.5 Amatruda ef al.!6 observed a normal rise of the plasma corticosteroid 
concentration during insulin-induced hypoglycemia in patients who received 
adrenocorticotropin while on corticosteroids. Conversely, the intravenous 
injection of pyrogens failed to elicit the expected rise when patients had been 


* The investigation reported in this paper was supported in part by grants from the Public 
Health Service, Bethesda, Md., and the John A. Hartford Foundation, Inc., New York, IN SYA 
_ + Research Fellow in Medicine, Harvard Medical School, Boston, Mass.; Life Insurance 
Medical Research Fellow. " 4 

{ Research Fellow, Robert Breck Brigham Hospital. 
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only on corticosteroids.” The effect of surgery itself, known as inducing an 
increase in plasma corticosteroid concentration,!® was examined by Marks et al.?° 
who observed a normal response if the patients had been treated with adreno- 
corticotropin together with corticosteroids. 

These are heroic procedures indeed, and only very few rheumatic patients 
were so studied. Another approach recently has become available, consisting 
of altering the normal adrenocorticotropin-cortisol feed back mechanism. A 
substance chemically related to amphenone, the 2-methy]l-1 , 2-bis-(3-pyridyl)- 
1-propanone, commonly called SU 4885,” inhibits selectively at low concentra- 
tions the enzyme systems responsible for the oxidation of corticosteroids in 
position 11. This was established in vivo by Jenkins e¢ al.” and Liddle e¢ al., 
and in vitro by Tomkins.* Thus, as a result of administration of SU 4885 to 
normal subjects, 11-deoxycortisol is secreted by the adrenal cortex instead of 
cortisol; since 11-deoxycortisol is but a weak inhibitor of adrenocorticotropin 
secretion,” the latter increases as cortisol is cleared from the circulation. Con- 
sequently, steroidogenesis in the adrenal cortex is stimulated and more 11- 
deoxycortisol is produced; this steroid and its major metabolite, tetrahydro- 
11-deoxycortisol, are measurable by the colorimetric reaction of Porter and 
Silber. Thus, after administration of SU 4885 there is a rise in the urinary 
excretion of the Porter-Silber reacting material. In FIGURE 1 it is apparent 
that such a rise is due essentially to the appearance in large amounts of tetra- 
hydro-11-deoxycortisol in the urine. 

This test thus makes possible an examination of the ability of the hypo- 
thalamopituitary-adrenocortical system to react to a decreased concentration 
of circulating cortisol by a rise in steroidogenesis. The test was carried out 
on 22 patients, of whom 20 had rheumatoid arthritis, 1 had gouty arthritis, 
and 1 had osteoarthritis. Sixteen of these 22 patients had been treated with 
various corticosteroids in varying amounts for periods extending from 3 weeks 
to7 years. The corticosteroid treatment was interrupted 10 days to 17 months 
before the following tests were performed: (1) 2 intravenous infusions of 25 
U.S.P. units of adrenocorticotropin in 500 ml. of isotonic saline, given over a 
period of 8 hours on 2 consecutive days; (2) 750 mg. of SU 4885 given by mouth 
every 4 hours for 48 hours. A minimum of 2 days separated both 
tests. Twenty-four-hour urine collections were obtained before and during 
these tests for measurement of 17-ketosteroid?” and 17-hydroxycorticoid?® 
excretion. Blood was drawn at the beginning and at the end of the SU 4885 
test for the determination of plasma adrenocorticotropin concentration.29 

A detailed account of these observations is published ;*° therefore only mean 
values for each group of patients will be discussed. As seen in TABLE 1, the 
base-line urinary excretion of 17-hydroxycorticoids in rheumatic patients, 
lower than in the control group, was the same whether the patients had been 
on corticosteroids or not. The administration of adrenocorticotropin accen- 
tuated the difference between the control group and the patients studied. Pre- 
vious corticosteroid therapy did not appear to influence the mean response to 
adrenocorticotropin, but the excretion of 17-hydroxycorticoids by the untreated 
patients rose to 17.5 mg. per 24 hours on the second day of the SU 4885 test, 
as opposed to only 11.5 mg. per 24 hours by the corticosteroid-treated group. 


The lack of significant rise on the first day of the test, not readily interpreted, 
has been observed by other investigators, 1.3 
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Ficure 1. Reproduced from J. S. Jenkins et al. 
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URINARY EXCRETION oF 17-Hyproxycorticoips (mc./24 HR.) IN RHEUMATIC PATIENTS 
BEFORE AND DuRING ADMINISTRATION OF ADRENOCORTICOTROPIN OR SU 4885 


Adrenocorticotropin SU 4885 
Base line 
Day 1 Day 2 Day 1 Day 2 
Normal subjects (20)* 6 24.5 35 — — 
Patients untreated (6) * 4.1 14.3 14.4 5.9 (bi fiek 
Patients treated with corticosteroids 
he 4.5 12.3 15.9 0.2 Lied 


* Number of subjects in the group. 
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The 17-ketosteroid excretion was lowest in the group given corticosteroids, 
not only during the control days but also during the adrenocorticotropin and 
SU 4885 tests. The excretion values in the group of untreated patients were 
in turn lower than those of the control subjects, particularly in the female 
patients (TABLE 2). 

The definitely low values of 17-hydroxycorticoids and 17-ketosteroids before 
and during adrenocorticotropin administration in patients with rheumatoid 
arthritis are not to be taken as specific for this kind of disease; similarly low 
levels are found in other chronically ill, middle-aged patients. 

The mean response of urinary steroids to the SU 4885 test in patients treated 
with corticosteroids was inferior to that obtained after maximal adrenocortical 
stimulation with exogenous adrenocorticotropin. This suggests a less adequate 
function of the hypothalamopituitary-adrenal axis in these patients. The 
measurement of plasma adrenocorticotropin concentrations allowed a sharper 
delineation of the defect. From undetectable concentrations before adminis- 
tration of SU 4885, plasma adrenocorticotropin rose to measurable levels after 
administration of the compound in 1 of the 6 untreated rheumatoid patients. 
It was elevated in 6 of the 16 patients who had been treated with corticosteroids. 
The highest concentration, 12 mU./100 cc., was measured in a patient who had 
been treated with 150 to 200 mg. of cortisone daily for 16 weeks until 2 weeks 
before the test was performed. Concentrations of 9, 8, and 7 mU./100 cc. 
were obtained from 3 patients who had received steroids for 3 to 4 years and 
whose steroid treatment had been terminated 3 to 4 weeks before the test. 
Concentrations of 4 and 5 mU./100 cc. were found in 2 patients who had taken 
prednisone for more than 2 years until 3 and 17 months prior to the SU 4885 
test. Of interest is the fact that in 4 of these 6 patients the urinary 17-hy- 
droxycorticoid excretion during adrenocorticotropin infusion was inferior to 
the mean values given in TABLE 1 for the group to which they belong.®° 

These elevated concentrations of adrenocorticotropin in the blood of cortico- 
steroid-treated patients indicate that the hypothalamopituitary system re- 
covers its ability to secrete adrenocorticotropin faster than the adrenal cortex 
regains its normal responsiveness to endogenous adrenocorticotropin. The 
observations of Gold et al. showed that a patient treated with adrenocortico- 
tropin responded only normally to SU 4885,* in contrast with the poor response 
noted in 3 patients treated with steroids only.*® This response is improved if 
the course of corticosteroid therapy is followed by injections of adrenocortico- 
tropin.® 

The persistence of poor adrenocortical response to adrenocorticotropin for a 
prolonged period of time is in contrast to the relatively faster recovery of the 
adrenocorticotropic secretion by the anterior pituitary gland. This strongly 
supports the advocated use of adrenocorticotropin at regular intervals when- 
ever steroid therapy is instituted. However, a lasting failure of the hypo- 
thalamopituitary system should always be considered, as dramatically il- 
lustrated by Salassa’s case.2 It is for an appraisal of this possible failure that 


the SU 4885 test is of clinical value. 
Summary 


A study of the recovery of the pituitary-adrenocortical function after corticos- 
teroid therapy has been carried out in 16 rheumatic patients. The patients 
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were examined by means of a standard adrenocorticotropin test as well as an 
SU 4885 test; in addition, blood adrenocorticotropin was measured at the 
beginning and at the end of the SU 4885 test. The results indicate that, fol- 
lowing corticosteroid administration, the adrenocortical function is more im- 
paired than the anterior pituitary function. 
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Urinary Excretion or 17-KetTosteroms (mMc./24 HR.) IN RHEUMATIC PATIENTS BEFORE 
AND DURING ADMINISTRATION OF ADRENOCORTICOTROPIN OR SU 4885 
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PRODUCTION AND METABOLISM OF ADRENOCORTICOS- 
TEROIDS IN CONNECTIVE TISSUE DISEASE* 


Vincent C. Kelley and Robert S. Ely 


Departments of Pediatrics, University of Washington, Seattle, Wash., and U niversity 
of Utah, Salt Lake City, Utah 


For many years there has been considerable speculation and investigation 
concerning the possible role of altered production or metabolism of adrenocor- 
ticosteroids in patients with connective tissue disease. Early investigators 
who concerned themselves with this problem were hampered both by inade- 
quate methodology for the evaluation of adrenal cortical function and adreno- 
corticosteroid metabolism and by inadequate understanding of this group of 
diseases. During the past decade great strides have been made in both of 
these respects. Nevertheless, at the present time there is no general agreement 
as to the extent or even the existence of abnormalities in adrenocorticosteroid 
production or metabolism in patients with these diseases, and the role that 
such abnormalities, if indeed they do exist, may play in the pathogenesis of 
connective tissue diseases remains a matter for speculation. 

Present-day knowledge of adrenocorticosteroid biogenesis and metabolism, 
although by no means complete, is extensive enough to make it apparent that 
the evaluation of adrenal cortical function and adrenocorticosteroid metab- 
olism presents a complex problem. No longer may one think in thesimple terms 
of overproduction or underproduction of “the hormone of the adrenal cortex,”’ 
as was customary a few years ago. It now is well known that there are many 
adrenocorticosteroids, that these are formed by an orderly series of reactions 
whose rates are influenced by specific enzymes, that they vary considerably and 
even may be antagonistic in their metabolic effects, that each is metabolized in 
a characteristic way, that there may be simultaneous overproduction of one and 
underproduction of another, and that one may be metabolized at a normal 
rate while simultaneously another is metabolized at an abnormal rate. All of 
these factors must be taken into consideration in the evaluation of the status 
of adrenocortical function and steroid metabolism in a given disease state. 

Awareness of the complexity of adrenal steroidogenesis and steroid metab- 
olism has led to the realization that there is no real reason, a priori, to expect 

that steroid formation and metabolism must be the same in the various con- 
nective tissue diseases. Diseases of this group, although similar, are by no 
means identical; if abnormalities in steroid metabolism are of significance in 
the pathogenesis of these diseases, it perhaps would be more logical to expect 
some variation in the abnormalities observed in the different disease states. 
Only two of the connective tissue diseases, rheumatoid arthritis and rheumatic 
fever, have been studied extensively with regard to steroid production and 
metabolism. This communication will be concerned with a brief consideration 
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of the findings in these diseases, with principal emphasis on those in rheumatic 
fever. 

The concept of the general adaptation syndrome and the diseases of adapta- 
tion propounded by Selye! led to many investigations attempting to evaluate 
the status of pituitary-adrenocortical function in patients with connective 
tissue disease. Following the announcement by Hench e¢ al.? of the dramatic 
effects of cortisone and adrenocorticotropic hormone (ACTH) in patients with 
rheumatoid arthritis, the subsequent confirmation of these by numerous in- 
vestigators, and the demonstration of the corresponding effectiveness of these 
drugs in controlling the systemic symptomatology in patients with rheumatic 
fever, efforts to elucidate the role of the pituitary-adrenal axis in these diseases 
were intensified. Earlier studies*" failed to detect evidence of any consistent 
abnormality in pituitary-adrenal function and gave rise to conflicting data and 
interpretations. However, recent investigations employing more specific tech- 
niques for evaluation of steroid production and metabolism have given clear 
indication that certain abnormalities in this regard do exist in patients with 
rheumatoid arthritis5 and in patients with rheumatic fever2® Since the 
time, a few years ago, when one of us (V.C.K.) summarized the existing data 
indicating that consistent abnormalities in pituitary-adrenocortical function 
occur in patients with rheumatic fever,!* additional studies in our laboratories 
and numerous other studies have provided considerable additional data relevant 
to the question of the status of adrenocortical function and steroid metabolism 
in rheumatic fever patients. However, despite the increased knowledge con- 
cerning this, there remain many unanswered and still unanswerable questions 
regarding the significance of the observations made. In this communication 
some of these pertinent questions are considered, and an attempt will be made 
to evaluate current information concerning each. 


Is There Evidence of Decreased Adrenocortical Function? 


Studies of urinary steroid excretion. One approach to the evaluation of 
adrenocortical function is the measurement of urinary excretion of adreno- 
cortical steroids or their metabolites. Until recently, the methods used for 
such evaluation included only biological assay techniques and chemical deter- 
minations of urinary steroids, which were of limited value because they lacked 
either specificity or sensitivity. 

Many of the earlier studies and some more recent ones have been concerned 
with the excretion of 17-ketosteroids in urine. Results have indicated clearly 
that in rheumatic disease there is not an increased excretion of these ster- 
oids, but their excretion has been reported to be normal,*5.1.14,15.17 Jow por- 
mal,°:13-18.19 or subnormal.? 12.20 

Several investigators*-*4 during the past few years have introduced techniques 
for the determination of urinary 17-hydroxycorticosteroids (17-OHCS) em- 
ploying the Porter-Silber reaction.2® Since the 17-OHCS group of adrenal 
steroids includes compound F (cortisol), which has been demonstrated to be 
the principal adrenocortical hormone in normal man,”*-” determinations of 
urinary 17-OHCS might be expected to reflect more accurately the function of 


the adrenal cortex than do the older, less specific determinations of urinary 
corticoids, 
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In our laboratories* the 24-hour urinary 17-OHCS excretions in a group of 
children with active rheumatic fever were measured with the Glenn and Nelson 
technique” and compared with the values observed in normal children and 
adults. Normal children were found to excrete significantly smaller amounts 
of 17-OHCS than did normal adults, but there was no significant difference 
between normal children and children with active untreated rheumatic fever 
as regards their excretion of steroids of this type. Although it seems logical to 
interpret these data as indicating that adrenal function is normal in patients 
with active rheumatic fever, another interpretation might be possible. It is 
accepted generally that the adrenal cortex responds to “stress” stimuli by 
increasing its secretory activity, although the mechanisms involved are not 
understood completely. Severe ‘“‘stress” such as that in acute illness or terminal 
conditions and even “‘psychic stress” cause elevations of plasma and urinary 
17-OHCS concentrations.”*.*- During the first few days of illness with rheu- 
matic fever, as in other acute illnesses, the plasma 17-OHCS concentrations are 
elevated.** One therefore might have expected to find increased urinary 17- 
OHCS excretion in these patients; however, they had entirely normal excretion 
values. If increased adrenocortical activity is present in these patients, it is 
not reflected by the excretion of 17-OHCS. 

There have been conflicting reports regarding urinary corticoid excretion by 
rheumatoid patients. There have been no reports of increased excretion, but 
several investigators have reported urinary corticoid excretion to be nor- 
mal®9 15.17 and several have reported it to be subnormal.’-!2-14-19:34.35 In a 
recent carefully controlled study" the urinary excretion of steroids by ambula- 
tory rheumatoid arthritis patients was compared with that by hospitalized 
rheumatoid arthritics and by each of four control groups: ambulatory normal 
students, ambulatory older normal subjects, hospitalized normal subjects, and 
hospitalized chronic disease patients. The most interesting and perhaps sig- 
nificant observation made in this study was that the normal diurnal variation 
in corticoid excretion observed in all of the control groups did not occur in 
either the ambulatory or hospitalized rheumatoid arthritics. The greatest 
differences between the groups of rheumatoid arthritics and their corresponding 
control groups were evident in the 7 a.m. to 1 P.M. urine samples, reflecting the 
fact that in normal subjects this is the time the highest excretion values occur. 
‘During this period the corticoid excretions by the ambulatory and hospitalized 
rheumatoid patients were significantly lower, respectively, than those by the 
corresponding ambulatory and hospitalized control subjects. The mean 24- 
hour urinary excretion of 17-hydroxycorticosteroids also was significantly lower 
in ambulatory rheumatoid arthritics than in the ambulatory normal subjects; 
however, although the two groups with the lowest mean values for 24-hour 
urinary corticoid excretion were the groups of rheumatoid arthritics, the differ- 
ences between the values in these groups and those in the other control groups 
were not statistically significant. No corresponding abnormalities of 17-keto- 
steroid excretion in either total 24-hour excretion or diurnal variation were 
observed in the rheumatoid arthritic groups. Consequently, the mean 17- 
ketosteroid/17-hydroxycorticosteroid concentration ratio was much greater in 
the urine of the ambulatory rheumatoid arthritics than in that of any other 
group, and this ratio was somewhat greater for the hospitalized rheumatoid 
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arthritics than for the corresponding control groups. The results in this study 
emphasize the importance of carefully selecting appropriate controls for studies 
of this type, and make apparent some possible explanations for discrepancies 
in results and interpretations presented by previous investigators. 

Studies of steroid concentrations in blood. Another approach to the evaluation 
of adrenocortical function is through the measurement of plasma 17-hydroxy- 
corticosteroid concentrations. From numerous studies of plasma 17-OHCS 
levels in normal and abnormal human subjects it now is well known that in 
most acute illnesses the plasma 17-OHCS concentration rises sharply during 
the acute phase of the illness and returns to normal as the patient recovers. 
Patients with various phases of rheumatic fever activity were studied®* with 
regard to their plasma 17-OHCS concentrations as measured by the technique 
of Nelson and Samuels.** Included in these studies were 15 patients with 
“early acute” rheumatic fever (that is, within the first week of overt rheumatic 
activity). In these patients the mean plasma 17-OHCS concentration was 
23 wg./100 ml., approximately twice the concentration (12 ug./100 ml.) ob- 
served in normal children. Although this value is greater than normal, the 
concentrations observed in this group are considerably lower than those ob- 
served in patients acutely sick with pneumonia, meningitis, or other acute 
severe illnesses.?®:29-3l 

Also included in these studies were 31 patients with “‘well-established active” 
rheumatic fever (that is, patients who had the onset of symptomatology at 
least 2 weeks prior to the time of study). In this group of patients the mean 
plasma 17-OHCS concentration (5.9 wg./100 ml.) was significantly lower than 
that in the control children. Similarly, in 27 patients with chorea without 
other overt rheumatic symptomatology and in 87 patients with inactive rheu- 
matic fever, the plasma 17-OHCS concentrations were significantly lower than 
in normal children. These low concentrations of plasma 17-OHCS have been 
found to persist in patients with inactive rheumatic fever for several years 
after the last evidence of rheumatic activity. Thus, in patients with rheumatic 
fever, except during the “early acute” phase, the plasma 17-OHCS concentra- 
tions are uniformly low. Although not much importance may be attributed to 
a single low plasma 17-OHCS value, consistently low values in the same individ- 
ual or in a group of individuals in the same clinical classification are significant. 
This does not mean necessarily that in the rheumatic patient the adrenal cortex 
is unable to produce 17-OHCS as rapidly or in so great a quantity as in the 
normal individual. An alternative explanation might be that such individuals 
destroy or remove adrenal steroids from the blood more rapidly than they are 
replaced by the adrenal cortex. Another possibility is that the equilibrium 
state with regard to release of pituitary ACTH might be such as to provide 
insufficient stimulation to the adrenal cortex to maintain the circulating concen- 
tration of 17-OHCS as high as in the “normal” individual. Regardless of the 
explanation, it is apparent that homeostatic mechanisms that are adequate to 
maintain a certain level of circulating 17-OHCS in the “normal” individual are 
not adequate to maintain a similar level in these rheumatic patients. 

Conflicting results have been reported concerning the concentrations of 
corticoids in peripheral blood in patients with rheumatoid arthritis. These 
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concentrations have been reported to be normal,!9.37-39 low,*? and even high.“ 
It has been reported that the diurnal variation in plasma corticoid concentration 
is less than normal,” with higher than normal values at 3:30 a.m. and a smaller 
than normal rise in the 7:00 a.m. specimen. 

Studies of blood ACTH concentrations. The data presented above concerning 
plasma steroid concentrations in rheumatic fever patients does not eliminate the 
possibility that the anterior pituitary rather than the adrenal cortex is to be 
implicated in the failure of these patients to maintain usual circulating concen- 
trations of 17-OHCS. To investigate this possibility a study was undertaken® 
in which the concentration of ACTH in the blood of a group of children with 
this disease was estimated by the adrenal ascorbic acid depletion technique of 
Sydnor and Sayers.“ 

In the group of untreated patients with active rheumatic fever there appeared 
to be a relationship between duration of rheumatic activity and concentration 
of ACTH in the blood. None of 5 children in whom the duration of symptom- 
atology was less than 7 days had_a sufficient concentration of blood ACTH to 
be detected by the technique employed. On the other hand, 19 of 21 deter- 
minations on the blood of patients who had been ill more than 7 days revealed 
measurable ACTH levels. Among these patients, who had been ill from 11 
days to 25 weeks, there was no evidence of a trend toward either increasing or 
decreasing blood ACTH levels with increasing duration of illness. Although 
some of the children in this group had considerably higher blood levels of ACTH 
than others, there were no clinical findings that distinguished them from the 
remainder of the group. 

Elevated blood ACTH concentrations also were detected in patients with 
inactive rheumatic fever. Blood samples were obtained from 10 weeks to 214 
years after the last evidences of rheumatic activity or discontinuation of ther- 
apy. Elevated concentrations of ACTH were found in 15 of 17 samples. One 
sample from each of 2 patients showed no detectable ACTH; in each of these 
2 patients duplicate samples for assay had been obtained within a week. Each 
patient whose blood ACTH level was zero on one determination had a definitely 
elevated concentration of ACTH on the other determination, although in 
neither case was there any detectable change in the patient’s clinical status. 

These data indicate that in patients with rheumatic fever the blood ACTH 
concentration is related to the phase of rheumatic activity. Because of the 
limitations inherent in the method, the values reported may not represent 
precise determinations of the actual concentrations of circulating ACTH; 
nevertheless, the results are consistent and the pattern of change demonstrated 
throughout the course of illness with rheumatic fever is distinct. In children 
with “early acute” rheumatic fever (that is, during the first week after the onset 
of rheumatic symptomatology), as in normal children,” blood ACTH concentra- 
tions are not detectable by the method employed. However, in patients with 
“well-established” active rheumatic fever, inactive rheumatic fever, or chorea 
these concentrations are elevated. Conversely, as mentioned above, the plasma 
concentrations of 17-OHCS are higher than normal in patients with “early 
acute” rheumatic fever and lower than normal in patients with “well-estab- 
lished” active or inactive rheumatic fever. 
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The observation of an inverse relationship between blood ACTH and 17- 
OHCS concentrations in patients with untreated rheumatic fever is not com- 
patible with the concept that the low levels of 17-OHCS in patients with this 
disease may be attributed to inability of the pituitary to elaborate ACTH. 
Rather, they are in conformity with the current concept of the humoral control 
of ACTH secretion. In accordance with this concept, the elevated ACTH 
levels in these patients may be considered secondary to the decreased corticos- 
teroid levels, just as they are in adrenalectomized animals,**” in patients 
with Addison’s disease,**-®° or in patients with congenital adrenal hyperplasia.” 

The elevated blood ACTH levels in these rheumatic fever patients conceiv- 
ably could be due to a primary abnormality in pituitary function. Since 
ACTH concentrations were not elevated during the initial phase of rheumatic 
fever, primary pituitary hypersecretion of ACTH appears unlikely; also, cor- 
ticosteroid concentrations would be expected to be elevated, but were found 
to be depressed, when the ACTH concentrations were elevated. The forma- 
tion (either initially by the pituitary, or subsequently by an altered metabolism) 
of an abnormal type of ACTH, with an impaired ability to stimulate steroido- 
genesis but with an unimpaired adrenal ascorbic-acid depleting activity, seems 
possible, but lacks substantiation. 

The pattern of elevated 17-OHCS and undetectable ACTH concentrations 
during the “early acute” phase of rheumatic fever is consistent with that 
existing in patients with other acute illnesses. Such patients have elevated 
17-OHCS concentrations;?*°! yet no elevations of circulating ACTH have 
been observed in the few acutely ill patients studied.’ It seems possible 
that an increased secretion of ACTH does occur temporarily, thereby effecting 
an increased concentration of circulating corticosteroids. These concentrations 
in turn may inhibit for a prolonged period any further ACTH secretion, so that 
a pattern of elevated steroid and undetectable ACTH concentrations results. 
This concept is compatible with the known relationship between the half life 
of ACTH and that of corticosteroids. The in vivo half life of endogenous 
ACTH is not greater than a few minutes; on the other hand, the half life of 
corticosteroids normally is much longer®-* and, in acute rheumatic fever, is 
prolonged even further.” 


Is There Evidence of Altered Steroidogenesis? 


Most attempts at evaluation of pituitary-adrenal function in connective 
tissue disease employing direct measurement of steroid concentrations in blood 
and urine have concerned themselves only with measurements of 17-OHCS 
and 17-ketosteroids. As indicated in the preceding sections, it may be con- 
cluded that production and excretion of glucocorticoids certainly are not in- 
creased in these diseases, but are less than normal in rheumatic fever and 
possibly in rheumatoid arthritis. As emphasized by West,!® the failure of 
severely ill rheumatoid arthritis patients to have even “high normal” values 
for urinary 17-OHCS excretion may indicate a relative deficiency in the produc- 
tion of glucocorticoids. There is, however, little to be gained by belaboring 
this point; even if it be conceded that patients with connective tissue disease 
have somewhat decreased production of glucocorticoids, it is obvious that this 
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in itself cannot be the crucial factor in the pathogenesis of their disease, since 
equally or more significantly decreased glucocorticoid production may occur 
not uncommonly in individuals with no evidence of connective tissue disease. 

There has been much speculation on whether an abnormal “glucocorticoid/ 
mineralocorticoid” ratio occurs and is of significance in the pathogenesis of 
connective tissue diseases. This question has not been resolved satisfactorily, 
primarily because adequate methodology has not been available. The com- 
plexity of the biochemical processes involved in adrenal steroidogenesis®*57 
now is well known. The number of different steroids resulting from adrenal 
steroidogenesis directly and from extra-adrenal metabolism of these compounds 
is staggering. Whereas it is convenient to consider steroids as being either 
“glucocortiocids” or “mineralocorticoids,”’ in reality no such clear-cut distinc- 
tion exists; many steroids exhibit considerable potency both as “glucocorti- 
coids” and as “‘mineralocorticoids.” Because of this, it is difficult to approach 
the problem of determining “glucocorticoid/mineralocorticoid” ratios or to 
evaluate the possible role that abnormalities in this ratio might play in the 
pathogenesis of connective tissue disease. 

Those naturally occurring steroids measured as 17-OHCS may be considered 
to have primarily “glucocorticoid” activity. These can be measured with 
relative ease. On the other hand, aldosterone, the most potent known natu- 
rally occurring ‘‘mineralocorticoid,” is present in blood in such low concentra- 
tion that its measurement is not practicable. Aldosterone excretion in urine 
has been measured in patients with rheumatoid arthritis® >? and found to be 
within the normal range. Whether or not such data should be interpreted as 
indicating that aldosterone is produced in normal quantity by the rheumatoid 
arthritis patient is problematical. 

Corticosterone has considerable “mineralocorticoid” activity, and is the 
second most abundant steroid of the adrenal cortical secretion in normal man, 
the ratio of cortisol to corticosterone concentration in normal young adults 
being approximately 3.5:1.8 This steroid differs from cortisol in structure 
only by the absence of the hydroxyl group, which is present at the 17-a position 
in the latter. According to present concepts of adrenal steroidogenesis, the 
initial steps in the pathways for formation of cortisol and corticosterone are 
identical; only in the steps subsequent to formation of progesterone do these 
biogenetic pathways differ. In the normal individual, progesterone is con- 
verted mainly to cortisol by the introduction of hydroxyl groups successively 
at position 17 to form 17-a-hydroxyprogesterone, at position 21 to form 11- 
desoxycortisol (Reichstein’s compound S), and position 11-6 to form cortisol. 
However, some of the progesterone is not hydroxylated at the 17 position, but 
in the initial step is converted to 11-desoxycorticosterone by hydroxylation at 
position 21 and then to corticosterone by hydroxylation at the 11-8 position. 

As summarized recently by Axelrod and Goldzieher,™ there have been clear 
demonstrations in specific abnormal states of spontaneously occurring decrease 
or absence of (1) 21 hydroxylating activity in the presence of adequate 11-8 
and 17-a hydroxylation,” (2) 11-8-hydroxylating activity in the presence of 
adequate 17-a and 21 hydroxylation,® and (3) combined 21 and 11-6-hydroxyl- 
ating activity in the presence of adequate 17 hydroxylation.** However, 
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there have been no clear demonstrations of reduced 17-hydroxylating activity, 
so the syndromes that might result from this have not been defined. If L7- 
hydroxylating activity were absent but 11-8- and 21-hydroxylating activity 
remained intact, the major adrenal steroid secreted would be corticosterone. 
If both 17-a- and 11-8-hydroxylating activity were reduced but 21 hydroxyl- 
ating activity remained intact, the major adrenal steroid secreted would be 
11-desoxycorticosterone. Presumably in the latter case and probably in the 
former, aldosterone would be secreted in increased amount and, whether or not 
this occurred, there would result a decreased ‘“glucocorticoid/mineralocorti- 
coid” ratio. 

In an attempt to determine whether or not corticosterone production is in- 
creased in patients with connective tissue disease, we have studied (E. R. 
Hughes, V. C. Kelley, and R. S. Ely, unpublished observations) plasma cor- 
ticosterone concentrations in normal children and in children with rheumatic 
fever and rheumatoid arthritis by a modification® of the technique introduced 
by Sweat.®:7° In normal children plasma corticosterone concentrations were 


TABLE 1 
PLASMA CORTICOSTERONE IN CHILDREN WITH RHEUMATIC DISEASE 


went No. tests rey eie P (vs. controls) 
Control children (5 to 17 yr.) 31 31 3.2 + 0.30 
Rheumatic fever 
Active 12 15 4.9 + 0.32 0.01 
Inactive 10 13 5.1 + 0.71 <0.02 
Rheumatoid arthritis 12 32 4.6 + 0.48 <0.02 


found to be substantially lower than 17-OHCS concentrations (3.2 versus 12.0 
ug./100 ml.). As mentioned in a preceding section, the circulating 17-OHCS 
concentrations were low in rheumatic children. In contrast, as shown in 
TABLE 1, the corticosterone concentrations were elevated considerably in these 
subjects. In the control group the mean value was 3.2 ug./100 ml. In those 
children with active rheumatic fever it was 4.9, and in those with inactive 
rheumatic fever it was 5.1 ug./100 ml. Each of these mean values is signifi- 
cantly higher than that for the control group, as is that (4.6 ug./100 ml.) found 
in the group of patients with juvenile rheumatoid arthritis. It is noteworthy 
that, although these blood values are higher than normal in contrast to those 
for 17-OHCS, which were lower than normal in the same categories of patients, 
the abnormality in concentration found for each type of steroid is the same in 
both active and inactive phases of rheumatic disease. : 

On the basis of the 17-OHCS and corticosterone data, an altered steroido- 
genesis apparently exists in rheumatic subjects with simultaneously decreased 
production of the “glucocorticoid” 17-OHCS and increased production of the 
more “mineralocorticoid” compound, corticosterone. 

Is there evidence of an altered adrenocortical responsiveness? 'The low plasma 
17-OHCS levels in the presence of elevated endogenous ACTH levels would 
indicate that the adrenal does not respond to ACTH stimulation as adequately 
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in the rheumatic patient as it does in the normal individual. This also is 
suggested by the fact that rheumatic subjects, in contrast to normal individuals, 
do not produce increased amounts of 17-OHCS in response to salicylate admin- 
istration even if this is carried to the point of producing salicylate intoxication.”° 
In further study of this, we determined the response of plasma steroid concen- 
trations to ACTH stimulation using a standard ACTH response test.” This 
test employed a dose of 25 I.U. ACTH, providing a maximal stimulus for 
adrenal steroidogenesis. TABLE 2 shows the 17-OHCS responses observed in 
rheumatic fever subjects. As shown in the table, the responses observed in 
patients with active rheumatic fever or with chorea did not differ from those 
observed in normal children. Thus, apparently rheumatic patients can respond 
adequately to maximal ACTH stimulation. Unfortunately, no data are avail- 


TABLE 2 
Prasma 17-OHCS Response to ACTH in RuEuMATIC PATIENTS 


No. patients Mean increase in 17-OHCS 


(ug./100 ml.) 

Control ; 65 17 + 1.4 

Active rheumatic fever 35 23 + 2.3 

Chorea 9 21 + 5.0 
TABLE 3 


PLASMA CORTICOSTERONE RESPONSE TO ACTH IN RHEUMATIC PATIENTS 


Mean post-ACTH Mean increase 


No. patients ter ears (ug./100 ml.) 
Control 28 Gal 2.9 + 0.61 
Rheumatic fever 6 lal 5.7 + 1.81 


able concernimg responses to small test doses of ACTH, which would give an 
indication as to their responsiveness to minimal ACTH stimulation. 

Similar studies concerning the increase in corticosterone concentration in 
response to ACTH stimulation were performed in a few patients. The data 
are shown in TABLE 3. In the control group of 28 children the mean plasma 
corticosterone concentration after ACTH was 6.1 wg./100 ml., an increase of 
2.9 wg./100 ml. over the pre-ACTH value. The rheumatic patients had a 
mean post-ACTH concentration of 11.1 ug./100 ml., representing an increase 
of 5.7 wg./100 ml. These relatively few data suggest that in rheumatic pa- 
tients the production of corticosterone in response to ACTH is at least as great 
_ as it is in normal subjects and possibly greater, despite the elevated pre-ACTH 
concentrations. 

Is there evidence of altered steroid metabolism? The evidence concerning 
altered pathways of adrenocorticosteroid metabolism has been reviewed 
recently by West!® and will not be discussed in detail here. Suffice it to say 
that few detailed quantitative studies of steroid metabolism have been reported, 
but evidence has been advanced that rheumatoid arthritics differ from normal 
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subjects with regard to (1) the corticosteroid metabolites in urinary extracts, 
(2) the urinary steroid metabolites following the administration of 11-desoxy- 
cortisol, and (3) the steroid metabolites recovered from knee joints following 
intra-articular injection of cortisol. These findings may be of great signifi- 
cance, but are difficult to interpret. Little information of this type is available 
concerning rheumatic fever patients. In one such study, Lubschez” failed to 
demonstrate any significant differences between normal children and children 
with rheumatic fever with regard to urinary steroid metabolites. 

Some evidence has been presented, and additional unpublished evidence 
(V. C. Kelley, A. K. Done, T. A. Good, and R. S. Ely) indicates that the rate 
of metabolism of steroids, as reflected by the half life of exogenous steroid, is 
altered in patients with connective tissue disease. As shown in TABLE 4, the 
cortisol half life is markedly prolonged in children with active rheumatic fever 


TABLE 4 
CortisoL HatF LiFe IN CHILDREN WITH ACTIVE RHEUMATIC FEVER 
PationtiNo: Age Sex ppc aie ieee life 
1 8 M 5 135 
Zz 10 F 10 129 
3 uf M 11 120 
4 7 F 90 114 
5 13 F 8 109 
6 12 F 9 151 
i 12 F 10 147 
8 is M 25 141 
9 13 F 30 98 
10 15 M a1 94 
11 15 F 40 141 
12 13 F 8 months 199 


* Normal values in this laboratory: 7 to 10 years, 63.9 + 4.5 min.; 12 to 14 years. 90.1 + 
3.9 min.; young adults, 98.3 + 2.9 min. 


as compared with that in “control’’ children of corresponding age. This pro- 
longation of half life appears to persist as long as does intense activity of the 
rheumatic process, since there is no direct correlation between duration of rheu- 
matic activity and cortisol half life in this group. The 2 children in the group 
who had normal half-life values (patients 9 and 10) were not acutely ill at the 
time of sampling, but had only mild rheumatic activity. Patients who were 
convalescent from acute attacks of rehumatic fever but had no residual evi- 
dences of rheumatic activity all had normal half-life values. 

TABLE 5 shows the pretherapy cortisol half-life values observed in children 
with juvenile rheumatoid arthritis. The cortisol half life was prolonged in all 
of these patients. Only one of these children (patient 6) has had repeated 
studies. The initial study of this patient was done during a course of prolonged 
cortisone therapy and revealed a half life of 106 min. Eight months later, 3 
months after steroid therapy was discontinued and at a time when the steroid- 
induced remission of clinical symptomatology persisted, the cortisol half life 
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was 102 min. However, after 8 months more had elapsed without therapy the 
patient returned with severe symptomatology of active rheumatoid arthritis 
and at this time her cortisol half life was 174 min., nearly twice normal. 

. We also have studied the half life of corticosterone in patients with connective 
tissue disease (E. R. Hughes, V. C. Kelley, and R. S. Ely, unpublished obser- 
vations). Some of the data obtained are shown in TABLE 6. As indicated, a 
prolonged corticosterone half-life value was observed consistently in patients 
with rheumatic fever and other connective tissue diseases. 


TABLE 5 
Cortisor Harr Lire In PatieENTS with JUVENILE RHEUMATOID ARTHRITIS 
Patient No. Age Sex Clinical status oe 

1 3 F Moderate arthritis for 9 months 77 
2 6 F Severe arthritis for 2 years 180 
3 6 EF Mild, early arthritis 83 
4 8 F Acutely ill for 2 weeks tid 
5 10 M Severe acute initial episode, 2 

weeks’ duration 133 
6 14 F Severe exacerbation, 6 weeks’ du- 

ration 174 


* Normal values for age (this laboratory): 1 to 6 years, 51.9 + 2.4 min.; 7 to 10 years, 
63.9 + 4.5 min.; 12 to 14 years, 90.1 + 3.9. min. 


TABLE 6 
CORTICOSTERONE Har Lire IN PATIENTS WITH CONNECTIVE TISSUE DISEASE 


Group No. subjects Corticosterone half life (min. ) 
Control children 16 40 + 1.8* 
Active rheumatic fever 8 64 + 7.0 
Other connective tissue disease (active) 17 58 + 4.0 


* No variation with age has been observed. 


Thus there appears to be a decreased rate of “metabolism” of both cortisol 
and corticosterone in patients with active connective tissue disease (‘‘metab- 
olism” is used here to include the summation of all processes involved in the 
removal of free steroid from the circulation, such as conjugation, excretion, 
degradation, utilization, tissue storage). These observations are important in 
interpreting some of the data presented earlier concerning blood and urinary 
steroid concentrations. For example, the low 17-OHCS plasma concentrations 
observed in patients with rheumatic fever obviously cannot be attributed to a 
more rapid than normal removal of these steroids from the circulation. Sim- 
ilarly, the simultaneous occurrence of decreased 17-OHCS and increased corti- 
costerone plasma concentrations in these patients probably cannot be attributed 
to differences in the rates of removal of these steroids from circulation, since 
both are removed more slowly than normal. 
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Summary 


Several pertinent questions are posed regarding production and metabolism 
of adrenocorticosteroids in connective tissue disease: (1) Is there evidence of 
decreased adrenocortical function? (2) Is there evidence of altered steroido- 
genesis? (3) Is there evidence of an altered adrenocortical responsiveness? 
(4) Is there evidence of altered steroid metabolism? An attempt has been 
made to evaluate current information with regard to each of these questions. 

It appears that neither adrenocortical function nor steroid metabolism is 
completely normal in patients with connective tissue disease, but the abnor- 
malities that exist may be quite subtle and difficult to demonstrate unequivo- 
cally. There is as yet no clear demonstration that these abnormalities are of 
significance in the pathogenesis of connective tissue disease; however, this 
remains a distinct possibility that deserves continuing investigation. 
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AN ATTEMPT TO RATIONALIZE THERAPY 
OF RHEUMATIC DISEASE 


Joseph Lee Hollander 
University of Pennsylvania, Philadelphia, Pa. 


The clinician responsible for treating the diseases of connective tissue listens 
to the scientific reports as presented in this symposium and wonders how this 
newer knowledge may help him in his difficult task. A prominent physicist 
recently asked: ‘How can you be sure of anything in medicine? You have no 
constants, and only an infinite number of variables with which to work.” To 
_ those in the exact sciences, the approximations, estimates, and conjectures used 
in the biological sciences seem a poor substitute for the formulas based on 
constants that are available to them. All workers in the field of biology in 
general, and medicine in particular, are accustomed to “usually” or “rarely” 
instead of “always” or “never,” and the number of variables reaches infinity 
in dealing with the total organism of man, as does the clinician. How, then, 
can a rationale for therapy be proposed for a heterogeneous group of connective 
tissue diseases of unknown etiology that seem at least slightly different in every 
victim? Obviously, such an assignment is impossible. This presentation can- 
not be scientific. It must be a patchwork of conjecture, remotely based on 
scattered facts, empiricism, trial-and-error, and experience. It can be justified 
only as a working hypothesis formulated by a clinician who feels the need for a 
framework upon which to assemble widely scattered bits of knowledge. The 
interstices can be filled only with conjecture, but the physician must have some 
over-all plan for a rationalization of the various treatment measures that to- 
gether may help his patient combat the connective tissue disorder. 

If these disorders are actually diseases of the immune mechanism of the body, 
with abnormal macroglobulins deposited in the connective tissues acting as 
autoantibodies, it can be understood why such conditions tend to be chronic 
and progressive, and the variations in severity throughout the course might 
even be explained, but still there is no clue to the etiological factor initiating 
the abnormal production and deposition of macroglobulins. It is possible that 
these abnormal proteins are merely accumulated waste products of the inflam- 
mation, comparable to amyloid or analogous to gouty tophi, which contaminate 
the tissues and make it still more difficult for the organism to cope with the 
disease. 

It still is possible that infection, perhaps from a yet unidentified virus, 
initiates the abnormal immune reaction. This appears plausible on the basis 
of the sequence of events observed in rheumatic fever, but the similar connective 
tissue lesions produced by the deliberate sensitization of experimental animals 
and the development of connective tissue diseases in man in the apparent 
absence of clinical infection leave important gaps in this line of conjecture. 

In the case histories of hundreds of individuals with rheumatoid arthritis, 
systemic lupus erythematosus, polyarteritis, and dermatomyositis it is note- 
worthy that in many the onset had occurred after some type of infection; in 
others the disease followed use of a drug; in still others it developed after a 
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harrowing emotional crisis, a prolonged grueling experience, severe exposure, 
or even malnutrition. Selye has grouped all such factors as nonspecific stresses 
and has popularized the idea that if any one or a group of stressing factors 
overcomes the adaptive resistance of the individual, a breakdown of his adap- 
tive mechanism (which includes, of course, the immune mechanism) will occur. 

The pathogenesis of this hypothetical breakdown of normal adaptation is 
still the subject of much speculation, and Selye’s tenuous explanations have 
had to be revised repeatedly and altered to meet all challengers. It is not the 
purpose of this presentation to enter into the pros and cons of the adaptation 
syndrome as an explanation of the pathogenesis of connective tissue disease 
states, but it is expedient that the clinician accept the general idea, at least 
tentatively, since he does find stresses preceding the onset or exacerbations of 
connective tissue diseases in a majority of such patients. 

The basic program of management of connective tissue diseases, developed 
after years of trial-and-error experience, consists of adequate rest to overcome 
fatigue, avoidance of chilling, prompt treatment of infections, proper diet, 
mental relaxation to overcome tensions, and adequate exercise or other physical 
measures to prevent decreased circulation and metabolism that would add to 
tissue breakdown or deformity. To paraphrase Selye, these methods of treat- 
ment might well be grouped under the common denominator of “‘antistresses,”’ 
that is, measures to prevent further stress. These simple measures have stood 
the test of time and, in milder cases, may be sufficient treatment themselves. 

The rationale for the so-called symptomatic measures is fairly obvious. 
Measures to combat anemia, to encourage rest and sleep, to allow mental 
relaxation, to encourage proper nutrition, and to relieve pain, whether or not 
these agents are drugs, help the individual to live on in better condition to 
cope with the disease. No one would deny the importance of such measures 
in the treatment program, although there is much disagreement concerning 
their actual effectiveness in the presence of active inflammatory disease. This 
is particularly true of hematinics, tranquilizers, and analgesics. All such 
symptomatic measures also may be grouped as agents helping to prevent 
further stress or to bolster the victim in a nonspecific manner. 

The place of steroid therapy also might well be here. The suppression of 
many of the overt manifestations of connective tissue inflammation certainly 
has a beneficial effect on the morale of the victim, allowing better nutrition, 
relaxation, activity, and sleep. Fundamentally, however, it may be rational- 
ized that the effects on the immune mechanism, including lysis of lymphocytes 
and perhaps of plasma cells, release of antibody, and decreased formation of 
additional antibody, are beneficial, as is the anti-inflammatory effect at the 
tissue level. Cortisone, hydrocortisone, and the newer synthetic cortisone 
derivatives represent the most potent nonspecific antirheumatic agents thus 
far known, but they apparently have no effect on the cause-or causes of con- 
nective tissue disorders or on the basic disease process itself. It has been all 
too frequently obvious that the lesions of rheumatoid arthritis produce contin- 
ued joint destruction under the cover of steroid therapy. Furthermore, it 
appears that steroid therapy has little effect on advancing lesions of polyarte- 


ritis, dermatomyositis, or lupus erythematosus, although it prevents acute 
clinical exacerbations. 
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Steroid therapy for the so-called collagen diseases might be analogous to 
digitalis for cardiac diseases. Digitalis, also a steroid, has no direct effect on 
the lesions of heart disease, nor does it halt their progress. It does not affect 
the cause of the lesions, but produces an amelioration of symptoms and signs 
by improvement in cardiac function in much the same way that the cortisones 
produce an improvement of symptoms and musculoskeletal function as long as 
administration is continued. 

Many patients with rheumatoid arthritis or systemic lupus erythematosus 
are working daily, in spite of continued disease, who before taking cortisone 
hardly could care for their most fundamental personal needs. With better 
muscle power, decreased pain, and better nutrition they can live more normally 
and, certainly, more enjoyably despite their chronic incurable disease. This 
seems quite analogous to cardiac patients who could not move about without 
dyspnea, precordial pain, and marked edema until digitalis enabled them to 
resume and continue their regular jobs. 

Both cortisone and digitalis may be considered “pharmaceutical crutches,” 
either to help in an emergency or for protracted use when the patient cannot 
continue a reasonably active existence without them. In chronic conditions 
crutches should not be discarded, nor should a medicinal agent that helps to 
“prop up” the victim be withdrawn suddenly. Those who use crutches may 
expect some falls, those who need digitalis for a failing heart may go into failure 
in spite of the drug, and the cortisone-treated patient likewise can expect pos- 
sible progression of his disease or undesirable side effects in spite of continued 
therapy. These agents may not add years to the life of the victim, but they 
do add life to his years. 

Perhaps this analogy will also help to emphasize the fact that the use of 
steroid therapy is not warranted for all patients with connective tissue disorders. 
The mere presence of stiffness, pain, swelling, recurrent low-grade fever, and 
skin manifestations does not justify cortisone therapy per se. Only when the 
disease is severe enough to interfere seriously with the patient’s normal func- 
tions, that is, “rheumatic decompensation,” or when more conservative meas- 
ures have proved inadequate, is the calculated risk of steroid therapy jus- 
tified. Experience has shown that women over forty years of age are more 
likely to have difficulties from use of the steroids; therefore, their need of such 
aid must be greater than that of others. Once such therapy has been under- 
taken, it is extremely difficult to withdraw it. 

If we may oversimplify the Selye concept by thinking of the connective 
tissue breakdown as similar to a blown fuse in an electric circuit produced by 
an overload on the line, regardless of cause, we may liken steroid therapy to 
the artificial substitution of a much stronger fuse. If a simple overload is 
responsible for a break in the circuit, the stronger fuse will serve nicely, but if 
a short circuit is responsible, the building may catch fire. A perforating or 
hemorrhaging peptic ulcer, angiitis, or spinal fractures from severe osteoporosis 
are certainly as dangerous to the body as fire to a building. Usually patients 
get along safely with the double-strength cortisone fuse, but it is impossible to 
be certain in any given case whether a simple overload or a serious short cir- 
cuit caused the break. 

Steroids may be likened also to automobiles, not only because newer, more 
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powerful and more streamlined models appear almost yearly—all of them useful 
for differing needs—but also because they are still potentially injurious, partic- 
ularly when used recklessly. In spite of this potential danger, however, no 
thinking clinician would wish to abandon steroid use any more than he would 
wish to trade his car for a horse and buggy. Just as he must learn to drive 
carefully for his own safety and that of others, he must learn to use these valu- 
able agents as safely and effectively as possible. Just as he must decrease his 
driving speed to avoid accidents, he must drive slowly with steroid therapy, 
using minimum doses and remaining ever alert for danger signals. Steroid 
therapy is here to stay, as is the automobile, and there is no longer a question 
of whether to employ steroids; the question is when and how to utilize them. 

It does seem reasonable, when the marked connective tissue inflammation is 
confined chiefly to one or two joints, tendon sheaths, or bursae, that steroid 
should be injected locally for palliation before systemic steroid therapy is used. 
One puts a drop of oil where a mechanism squeaks, instead of flooding the whole 
machine with oil. 

Construction of a rationale for the use of drugs such as salicylates (for effects 
other than analgesic), the chloroquines and similar antimalarials, phenylbuta- 
zone, gold salts, colloidal sulfur, bee venom, foreign protein, or the use of fever 
therapy, vaccines, para-amino benzoate, nitrogen mustard, and a multitude of 
other agents used empirically for rheumatoid arthritis and other connective 
tissue disorders for many years, calls for extreme ingenuity on the part of the 
clinician assigned to such a task. What possibly could there be in common 
between these heterogenous and extensively used agents? What, indeed, ex- 
cept that all are potenially toxic? Do they all poison a common enzyme — 
system? Does their toxicity itself stimulate a jaded “adaptation” or immune 
mechanism? 

It would appear from clinical results that the connective tissue diseases often 
can be ameliorated at least partially by what apparently are stressing agents 
themselves. It is well known that many of these disorders go into remission 
in the presence of active intercurrent fevers suchas those in pneumonia or other 
acute infections, or in acute liver disease, pregnancy, or surgical operations. 
Yet, after such acute additional stresses are removed, the connective tissue 
disease usually reverts to its previous severity or becomes even worse. 

Perhaps long-continued therapy with toxic drugs in doses just short of overt 
toxicity is a type of counterirritation or fighting-fire-with-fire treatment, a 
continual whipping-up-the-tired-horse in the hope that the causative agent will 
be eliminated in the time gained. Whether such agents actually work as con- 
tinued and measured counterstresses is, of course, entirely unknown. 

To those who feel as all rational scientists should feel, that these ideas are 
tenuous, it should be stated that the clinician who built this house of cards is _ 
not proud of it. When the scientists replace each card with a building stone 
of fact, none will be happier than the clinician, who must explain to his patient 


why he administers each item of the therapeutic program for his connective 
tissue disease. 
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